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Abstract
The controlled clustering of nanoparticles into deﬁned geometric arrange-
ments has opened a new research area for the design of novel materials with
advanced functionalities. This thesis describes a route that exploits liquid
droplets as conﬁned templates within which nanoparticles are assembled.
Upon removal of the dispersed solvent from the emulsion droplets, the par-
ticles formed cluster-like structures. The particles did not arrange into small
pieces of dense packings, but resembled clusters predicted for Lennard-Jones
interaction potentials. In-situ observation of the assembly process via sur-
face plasmon spectroscopy and small-angle x-ray scattering suggested that
assembly occured rapidly, shortly before complete evaporation. The re-
sulting Lennard-Jones geometries represent minimum-energy arrangements
of particles. The distribution of the gold nanoparticles in the emulsions
was studied for diﬀerent surfactants. Good surfactants (e.g. Triton X-100)
blocked the interface and conﬁned particles in the droplet, whereas oth-
ers (e.g. Tween 85) formed synergistic mixtures with the nanoparticles at
the interfaces. Supraparticles with Lennard-Jones geometries only formed
for surfactants that block the interface. The assembly of nanoparticles
into minimum-energy clusters was sensitive to interactions between ligands
bound to the nanoparticles surfaces, too. The ageing of gold nanoparti-
cles with dodecanethiol ligands was studied for diﬀerent storage conditions.
Surprisingly, fractionation of particles appeared upon ageing. Desorption
of ligand was the major process responsible for sedimentation and changes
in polarity upon ageing and led to changes in the structure of the supra-
particles.
Zusammenfassung
Die kontrollierte Anordnung von Nanopartikeln zu regula¨ren Strukturen ist
ein neues Forschungsgebiet fu¨r das Design von neuen Materialien mit er-
weiterten Funktionalita¨ten. In dieser Arbeit werden Nanopartikeln in die
disperse Phase einer Emulsion eingebracht, die dann langsam verdunstet.
Nach Verdampfung des Lo¨sungsmittels aus den Emulsionstro¨pfchen bilden
die Partikel geordnete Suprapartikeln. Die Struktur dieser Suprapartikeln
besteht nicht aus dichten Packungen der verwendeten Nanopartikel sondern
es bilden sich geordnete Cluster die mit Lennard-Jones- Wechselwirkungspo-
tential interagieren. In-situ Beobachtung der Anordnung durch UV/Vis-
Spektroskopie und Kleinwinkel-Ro¨ntgenstreuung zeigt, dass die Anordnung
kurz vor der vollsta¨ndigen Verdampfung auftritt . Wir glauben, dass die
resultierenden Lennard-Jones-Geometrie die Anordnung der Partikel mit
minimaler Energie darstellen. Die Verteilung von Goldnanopartikel in den
Emulsionen wurde fu¨r verschiedene Tenside untersucht. Gute Tenside (z.
B. Triton X-100) blockieren die Grenzﬂa¨che und beschra¨nken Partikeln in
den Tro¨pfen, wa¨hrend andere (z. B. Tween 85) synergetische Mischun-
gen mit den Nanopartikeln an der Grenzﬂa¨che bilden. Suprapartikeln mit
Lennard-Jones- Geometrie bilden sich nur mit guten Tenside. Die Anord-
nung von Nanopartikeln in Cluster mit minimaler Energie ist empﬁndlich
gegenber Wechselwirkungen zwischen den Liganden, die an der Nanopar-
tikeloberﬂa¨chen gebundenen sind. Die Alterung von Gold-Nanopartikeln
mit Dodecanthiol-Liganden wurde fu¨r unterschiedliche Lagerungsbedingun-
gen untersucht. Dabei tritt eine Partikelfraktionierung auf. Ligandendes-
orption fu¨rht zu A¨nderungen der Polarita¨t und zur Sedimentation und zu
Struktura¨nderungen der Suprapartikel.
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Chapter 1
Introduction
Colloidal nanoparticles are of great interest for researchers from a wide range of disci-
plines, including materials science, chemistry, physics, and engineering, because of their
unique magnetic, electronic and optical properties. Among all kind of nanoparticles,
gold is one of the ﬁrst historically and simplest metallic chemically particles and also
relatively stable. The unique optical attributes from their plasmon resonance result in
a large enhancement of the electromagnetic ﬁeld around the nanoparticles. Strong light
absorption and scattering of the nanoparticles at the plasmon frequency can be tuned
by changing the nanoparticle size, shape, composition or environment and has already
found uses in several optical and medical applications [1–4].
The synthesis of nanoparticles is already well known, however the assembly of
nanoparticles into ordered structures is still under development and improvement [5–7].
Recently, the focus has been directed towards the creation of ordered structured from
colloidal nanoparticles, which holds great promise for the development of advanced
materials with novel integrated functions [8]. Ensembles of nanoparticles can display
new electronic, magnetic and optical properties as a result of interactions between the
individual nanoparticles which can be exploited in devices by controlling the spacing
and arrangement of the nanoparticles.
Ensembles of nanoparticles have been used as nanoscale thermometers, pH me-
ters [9] and as biological and chemical sensors [10–12]. Plasmon-based sensors were
developed for the detection of oligonucleotides where a change of colour occurs when
nanoparticles-DNA conjugates undergo assembly mediated by hybridisation of DNA
with target oligonucleotides [10]. Data storage devices have been developed using self-
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assembled nanostructures of platinum nanoparticles [13]. The device shows memory
operations, such as data retention, operated voltages and cycle ability. Arrays of self-
assembled magnetic FePt nanoparticles present also some applications in this area [14].
3D superlattices of FePt nanoparticles are used for data recording at linear densities of
up to 5,000 ﬂux changes per millimetre.
Certain applications require deﬁned 3D arrangements of nanoparticles. The prepa-
ration of 3D aggregates with controllable size, shape and composition usually require
the use of a template. A broad range of objects such as carbon nanotubes [15], block-
copolymers [16], viruses [17] or DNA molecules [18], polymer capsules [19–21] or emul-
sion [22–26] can be used as templates for nanoparticle assembly [27]. The conﬁnement
of nanoparticles inside a template leads to the arrangement of nanoparticles where
the structure is predeﬁned by the shape of the template. For example, polystyrene-b-
poly(methyl methacrylate) ﬁlms were used as templates to assemble CdSe nanorods on
the surface of cylindrical or lamellar poly(methyl methacrylate) [28]. PbS nanoparticles
were also assembled on the surface of cylindrical block polyferrocenylsilane-b-poly(2-
vinylpyridine) comicelles [16]. Anionic PbS nanoparticles were deposed by electrostatic
forces onto the positively charged 2-vinylpyridine fragments.
Many methods developed for the formation of 1D, 2D or 3D nanostrustures are
complex (such as lithography-based technique) and requires sophisticated experimen-
tal equipment and high costs to achieve sub-100 nm ordered structures. This thesis
describes the use of emulsion droplets, a low-cost and easy to manipulate template to
form 3D nanoparticle clusters. Emulsion droplets are convenient templates to conﬁne
and combine particles into supraparticles by evaporating the disperse solvent [22–26].
Emulsion-based method were previously used for the assembly and encapsulation of
particles [22–26, 29, 30]. Velev et al. showed how particles were gathered, assembled
and ﬁxed together in the restricted volume provided by emulsion droplets [22, 23]. The
system is governed by the interactions between the particles and the droplet interface.
The hydrophobic character of the particles is a key parameter in this system. The con-
trol of the number of particles per droplet is an interesting aspect to be considered for
the preparation of small aggregates with deﬁned size and order. A method developed
by Manoharan et al. shows how deﬁned clusters can be formed when microparticles
are dispersed in the oil phase of an emulsion [29, 30]. The ﬁnal size and shape of the
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clusters depend mainly on the number of particles per drop.
This thesis was motivated by the results of Manoharan. My main goal was to form
ordered supraparticles from nanoparticles using emulsion as a template.
Even when the internal structure of assembled nanoparticles in bulk is perfectly
deﬁned, the overall shape and size is not because it depends on the process details
and cannot be controlled in the current techniques. The process used here combines
controlled conﬁnement with superlattice formation. Particle agglomeration takes place
in the conﬁned spaces of an emulsions’ dispersed phase. This approach avoids the lim-
itations of chemical linkers that can be used to deﬁne clusters from small numbers of
particles but is unreliable, synthetically demanding, and requires a new process for each
desired geometry. The technique employed here mainly requires high-quality emulsions
with control over interfacial eﬀects.
The ﬁrst chapter introduces fundamental knowledge on nanoparticles and emul-
sions. The parameters that deﬁne and inﬂuence their properties and structure or sta-
bility are presented.
Chapter 2 describes the experimental techniques and the instrumentation, as well
as the synthesis and characterisation of nanoparticles and emulsions.
Chapter 3 introduces results of the emulsion-based method for the assembly of gold
nanoparticles. The ﬁrst section summarizes existing literature related to the subject.
Then the results of nanoparticle assembly using an emulsion droplet are presented.
Nanoparticle clusters with deﬁned geometries can be formed inside emulsion droplets
when the oil phase is slowly evaporated. The mechanism that governs the formation
of such supraparticles are studied. In situ observation of the assembly process via
surface plasmon spectroscopy and small-angle x-ray scattering are performed in order
to determine which routes lead to the formation of such clusters.
When working with emulsion, the interaction of particles and surfactant at the
interface has to be considered and can inﬂuence the stability and properties of the
emulsion. These parameters can then inﬂuence the resulting shape and structure of the
supraparticles formed using the emulsion droplets. The eﬀect of diﬀerent surfactants
on supraparticles formation are presented in Chapter 4. The distribution of gold
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nanoparticles inside the diﬀerent hexane-in-water emulsions is presented for diﬀerent
surfactants.
Chapter 5 presents results on the ageing of gold nanoparticles stabilized by dode-
canthiol in an unpolar solvent. UV-Vis spectroscopy was used to observe the behaviour
of the suspension over time under diﬀerent storage conditions. Precipitation was per-
formed using an analytical centrifuge to identify the structural changes that occur
during storage. Finally, the inﬂuence of ageing of the formation and structures of the
supraparticles formed inside emulsion droplets are presented.
Finally, chapter 6 summarizes the ﬁndings of this work and provides an outlook
on future extension of the work.
4
Chapter 2
Theoretical considerations
Some knowledge on nanoparticles and their properties is needed when working on the
formation of superstructures. This chapter introduces concepts on nanoparticles, their
stability and their optical properties. In a second part, emulsions and their formation
routes are discussed. We deﬁne, in a ﬁrst step, the term emulsion and the properties of
such a system. This section will also mention the choice of emulsiﬁer and the impor-
tance of stability for the formation of emulsions studied here. Pickering emulsions are
then introduced. Their particularities and diﬀerent aspects compared to surfactant are
presented here. Finally, an overview of colloidal assembly is presented.
In this chapter, only very general concepts necessary for understanding of the overall
thesis work will be discussed. When necessary, more speciﬁc concepts will be presented
later.
2.1 Gold nanoparticles
Nanoparticles have attracted mcuh interest due to their optical or magnetic properties
that signiﬁcantly diﬀer from bulk properties. The optical properties of nanoparticles
have been used since the Middle Ages by glassmakers who tinted their glass in multiple
colors using gold particles of diﬀerent nanometric size. A good example is the ”Lycurgus
cup” which, as shown in Figure 2.1, shows variations of colors depending on where the
light is applied. The chalice appears green in reﬂected light, but when illuminated from
the inside, it appears red.
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Figure 2.1: Roman Lycurgus cup - Photographs of the cup taken with two diﬀerent
perspectives: in reﬂected (left) and transmited light (right). From the department of
prehistory and Europe, the British museum.
Through the work of Zsigmondy and Svedberg, it turned out that the color of the
ruby glass or other glasses, depends on nanoscale inclusions from noble metals which are
formed during the manufacturing step of the glasses. They succeeded in characterising
nanoparticles in liquid colloidal system and could determined cluster size below 10 nm
by optical means. Even today, this technique consisting of incorporating nanoparticles
in the glass paste is used to stain luxury perfume bottles, such as ”Fahrenheit” Christian
Dior.
2.1.1 Surface plasmon resonance of metallic nanoparticles
Size, shape and environment of metal nanoparticles have an inﬂuence on their optical
properties due to their unique interaction with light. Maxwell-Garnett [31] and Mie [32]
have demonstrated that the coloration of these glasses referred previously is induced
by their metallic inclusions.
The optical response (absorption and scattering) of colloidal particles to an elec-
tromagnetic ﬁeld can be described by its dielectric constant  = r + ii, where r and
i are the real and imaginary components of the dielectric function, respectively. For
very small particles with r  λ in a medium of dielectric function m, the scattering
cross-section is negligible and the extinction cross-section is dominated by absorption
given by the equation [33, 34]:
Cext =
24π2r3
3/2
m
λ
i
(r + 2m)2 + 2i
. (2.1)
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The maximal absorption thus occurs at the “plasmon resonance frequency” where
r = −2m, and i very small. (2.2)
The resulting absorption peak in the visible frequency range is the origin of intense
colors displayed by metallic nanoparticles. The Mie theory thus predicts the plasmon
peak position to be determined mostly by r while the peak height and shape is governed
by i. The negative index means that the plasmon oscillates out of phase with the
electric ﬁeld. Since i can be neglected, the maximal absorption depends only on the
real part of the dielectric constant.
In metallic nanoparticles, there are electrons that can be considered to move rather
freely in the crystal lattice and free electrons respond to the oscillation of an external
electromagnetic ﬁeld in a collective way.
The external ﬁeld exerts an oscillating force on the electrons and ions constituting
the metal nanoparticle. The electron gas formed by the electrons of the conducting
band will therefore move collectively creating an accumulation of positive and negative
charges on the surface of both sides of the nanoparticle (see Figure 2.2). A restor-
ing force takes place in response to the exciting ﬁeld on the retroactive movement of
electrons. The system may experience a resonance condition where the collective oscil-
lation of the electron gas around its equilibrium position is at the same frequency as the
excitation ﬁeld. The phenomena of the electric ﬁeld inside the nanoparticle are then
enhanced. Absorption is enhanced, and oscillating dipole created by the accumulation
of charges, radiates with a maximum intensity at the plasmon resonance frequency ωspr.
This plasmon resonance frequency depends on many parameters such as compo-
sition, size and shape of the metallic nanostructures, and their chemical environment
[35, 36].
For some transition metal nanoparticles, like gold, silver and copper, plasmon reso-
nance appears in the visible region of wavelengths and can be observed as an absorbance
band in the optical spectrum.
Assuming a free electron behaviour for the metallic particle, the real part of the
dielectric function of metallic particles can be described using the Drude model as a
7
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Figure 2.2: Surface Plasmon Resonance - Schematic illustration of the surface plas-
mon resonance oscillation of electrons of a metal nanoparticle resulting in the strong en-
hancement of the electric ﬁeld.
function of the frequency ω:
r = 1−
ω2p
ω2 + γ2e
, (2.3)
where γe is the electron collision frequency. The bulk plasma frequency of a metal
ωp, deﬁned as the frequency of bulk plasma oscillations in the metal, is expressed
in terms of the concentration of free electrons N in the metal, the eﬀective mass of
electrons me and the vacuum permittivity 0:
ω2p =
Ne2
me0
. (2.4)
The Drude model for the dielectric function describes a free electron gas and is
suﬃcient for metals such as aluminium. However, for noble metals such as gold or
silver, the dielectric function has to be modiﬁed by a contribution ∞ that covers the
eﬀect of interband transitions. The criterion for plasmon resonance then becomes for
γ  ω :
r = 
∞ − ω
2
p
ω2
. (2.5)
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Using this condition, we obtain the plasmon resonance frequency ωspr [33, 34]:
ω2 =
ω2p
∞ − r
=
Ne2
me0(∞ + 2m)
ωspr =
√
Ne2
me0(∞ + 2m)
(2.6)
where m is the dielectric constant of the medium and c is the velocity of light.
2.1.2 Inﬂuence of diﬀerent parameters on the optical properties of
metallic nanoparticles
2.1.2.1 Nanoparticle size
The size of the nanoparticles also inﬂuences the surface plasmon resonance. As the
radius of the nanoparticles appears in the equation of the absorption cross section
(equation 2.1), Mie theory predicts a size dependence of the intensity. The peak po-
sition and peak width are also aﬀected by the nanoparticle size, but through intrinsic
eﬀects. Many theories have been studied to correlate the size to the surface plasmon
peak position and ﬁnally experimental results showed that a blue shift occurs when
decreasing the NPs size (see ﬁgure 2.3)[37].
2.1.2.2 Nanoparticle geometry
Conﬁnement and displacement of the conduction electrons depends on the shape of the
particle. Consequently the optical response is very sensitive to the geometry of the
particle. Figure 2.4 illustrates this behaviour. When the length of a nanorod increases,
the optical properties change considerably. Two absorption bands are observed: a
strong peak near the infrared region correpsonds to the electron oscillations along the
longitudinal direction while a weaker peak which corresponds to oscillations in the
transverse directions. The longitudinal peak is very sensitive to the length of the rods.
A relevant change of optical properties is also observed experimentally for Ag prisms
with diﬀerent curvature (Figure 2.4(b))[38, 39]. Indeed the transition from perfectly tri-
angular nanoplate to circular particles is accompanied by a widening and oﬀset toward
the longer wavelengths.
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Figure 2.3: UV-Vis absorption spectra of gold nanoparticles of diﬀerent sizes
- The size of the Au nanospheres decreases from 99 nm to 9 nm. As the size decreases,
a blue-shift of the surface plasmon resonance peak is observed. Image from Link and
coworkers [37]
2.1.2.3 Nanoparticle environment
The plasmon resonance frequency is sensitive to the dielectric properties of the sur-
rounding medium of the particle. As described in equation 2.6, the plasmon resonance
frequency is related to the dielectric constant of the medium. An increase in the medium
dielectric constant results in a decrease of the plasmon resonance frequency and hence
a red-shift (or increase) of the plasmon resonance wavelength since :
λ =
2πc
ω
. (2.7)
Changing the medium surrounding the NPs for another medium having a diﬀerent
refractive index strongly alters the plasmon behaviour of the NPs as observed in ﬁgure
2.5 [41]. Fifteen years ago, Mulvaney described how the refractive index of the solvent
can inﬂuence the position of the surface plasmon band [36, 41].
Figure 2.6 shows that the position of the surface plasmon resonance peak depends
on the refractive index of the medium. Mulvaney and others suggested that the position
10
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Nanosphere :   Nanorods :
15 nm  30 nm      2.5 AR   4.5 AR             7.5 AR
a) b)
Figure 2.4: UV-Vis absorption spectra of nanoparticles of diﬀerent shapes -
(a)Extinction spectra of Au nanoparticles whose shape vary from nanospheres to nanorods.
In the case of nanorods we observed two peaks corresponding to oscillations along the
longitudinal direction (strong peak at high wavelength) and oscillations in the transverse
direction (weaker peak at lower wavelength). Adapted from Eustis and Elsayed [40] (b)
Extinction spectra of Ag triangular nanoplates with decreasing corner sharpness. The
decreasing corner sharpness is correlated with a blue-shift in the extinction spectra of the
nanoparticles in solution. Image from Rycenga and coworkers[39]
Figure 2.5: Color change due to a diﬀerent medium - Changing in the plasmon peak
position induced by varying the solvent refractive index. Refractive indices of the solutions
at the absorption band maximum are 1.336, 1.407, 1.481, 1.525 and 1.583, respectively.
Image from Underwood and Mulvaney [41]
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Figure 2.6: Eﬀect of the solvent refractive index on the Surface Plasmon Res-
onance - Position of the surface plasmon bands of colloidal lead and silver as a function
of the medium dielectric function. Image from Mulvaney [36]
of the surface plasmon band may be used to measure the local dielectric constant in
microheterogeneous systems [36, 42].
2.1.3 Stability of the nanoparticle suspension
An important aspect to be considered when using nanoparticles in solution, is the
dispersions state, and especially its stability, which must be maintained.
The behaviour of colloidal suspensions is determined by the forces between par-
ticles. On one hand, Van der Waals attractions interacting with Brownian motion,
provoke ﬂocculation of the particles. On the other hand, repulsive interactions prevent
aggregation of particles with induced kinetically stable suspensions. The sum of these
two forces determines the particle stability.
We distinguish two types of repulsive forces. The ﬁrst type is electrostatic repulsion
induced by identical charges on the surface of the particles which can be found for col-
loids suspended in the aqueous phase. A typical example is the stabilisation of gold NPs
prepared by citrate reduction following the Turkevich method [43]. In this case, gold
NPs are stabilized by an electric double layer composed of bulky citrate ions, chloride
ions and the cations attached to them. The interaction potential between two colloids,
taking into account the Van der Waals interactions and electrostatic repulsion forces
12
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was ﬁrst calculated by Derjaguin and Landau and later on by Verwey and Overbeek
forming the DLVO model [44, 45].
The second type of repulsion forces are steric interaction where particles are covered
by uncharged polymers. In good storage conditions, the adsorbed polymers represent
a steric barrier that maintain the stability of the colloidal dispersion.
The nanoparticles used in this work are stabilized by steric repulsions induced by
the presence of a ligand on the surface of the particles. Knowing that, the repulsion
induced by electrostatic forces is not developed further in the thesis.
2.1.3.1 Van der Waals attraction forces
The Van der Waals attraction between colloidal particles dispersed in a solvent results
from the interaction between the particles and the continuous phase. When the dis-
tance between particles is larger, the time required for the polarisation of a particle
by another becomes large, particularly as the speed of light in the solvent is lower
than in vacuum. These eﬀects make the exact calculation of the interaction between
two macroscopic bodies diﬃcult. Nevertheless, assuming additivity of interactions and
neglecting the eﬀects of time delay related to polarisation and the solvent, we can cal-
culate the interaction potential V (x) between two spheres of radius r and density ρ,
and separated by a distance x (center to center):
V (x) = −A r
12(x− 2r) , (2.8)
where A is the Hamaker constant which depends on the chemical nature of the
particles and the continuous phase. The Van der Waals interaction between the particles
is generally eﬀective in the range of a few nanometers. Hamaker constant is always
positive for two bodies of the same chemical nature (attractive interaction), but may
be negative for two bodies of diﬀerent chemical nature (repulsive interaction).
2.1.3.2 Steric stabilisation
A method to stabilize colloidal suspensions is to add polymers to the surface of the
colloids. When two particles with adsorbed polymer layers approach each other at a
distance of less than twice the thickness of the adsorbed layer, interaction of the two
layers takes place.
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The repulsive forces depend on the degree of coverage of the surface and the solvent
quality.
• A decrease in surface coverage will lead to a decrease of particle stability. Particles
only partially coated by polymer may undergo irreversible coagulation caused by
Van der Waals attraction between the core particles.
• The quality of the solvent also aﬀects the repulsive interactions. If the solvent
aﬃnity with the adsorbed polymer layer is good, the polymer chains can extend
and the sphere of inﬂuence will be big enough to maintain stability. However, if
the solvent aﬃnity is poor, the polymer chains will tend to interpenetrate into
those of a layer on another particle and thereby promote aggregation.
2.1.4 Importance of optical properties and stability of the suspension
The optical properties of metallic nanostructures have also been the focus of intense
scientiﬁc study. The assembly or aggregation of metallic nanoparticles results in a red-
shift of the plasmon extinction wavelength maximum from that of isolated nanoparticle
as well as a peak broadening. This is also evidenced by a visual color change (i.e. from
red to purple for gold nanoparticles). The magnitude of the red shift due to aggrega-
tion is controlled by several factors where the most important are aggregate size, the
interparticle distance and the particle size. Many studies, experimental and theoretical
[46], have investigated the optical properties of one and two-dimensional (2D) arrays of
fcc metal nanoparticles. The plasmon shift gives a measure of the distance between the
particles. Sonnichsen et al. utilized this recently to design a plasmon ruler to mea-
sure nanoscale distances in biological systems on the basis of the spectral shift resulting
from the coupling of two gold nanoparticles by a deﬁned biomolecular binding scheme
[47]. The plasmon ruler was developed in the case of dimers composed of metallic gold
nanoparticles, as an analytic expression for the dependence of the LSPR wavelength
shift as a function of nanoparticle size and the gap between the nanoparticles [48–50].
From the previously mentioned results, SPR can be used as an analytical tool for ag-
glomeration studies since SPR shift can well describe the assembly of metallic particles.
The ligand and solvent inﬂuence the stability and assembly of nanoparticles. The
choice of the solvent and the density of ligand at the surface of the particles have
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an impact on the steric repulsions and on the stability of the suspension. A good
solvent is a prerequisite for stabilizing the suspension [51]. Theses parameters have to
be taken into account when performing an assembly process since they can inﬂuence
the interaction forces that are present in the suspension and hence inﬂuence the forces
needed for the assembly process. Recently, Born et al. demonstrated that ligand-
solvent interactions of the individual nanoparticles dominate suspension stability and
agglomeration kinetics [52]. By varying temperature and changing ligand chains lengths
of thiol-capped gold NPs, the suspension was destabilized and formed agglomerates.
2.1.5 Morphologies of agglomerates
The ligand and solvent inﬂuence the assembly of nanoparticles. Experiments supported
by simulations demonstrate that the ﬁnal morphology of nanoparticles assemblies de-
pends on the solvent used [52–54]. Pileni and co-workers carried out both experimental
and theoretical studies on the inﬂuence of the NP sizes (4 to 7 nm) in nonpolar sol-
vents (cumene, hexane, octane, and toluene) on the growth of 2D ordered assemblies
of 1-dodecanethiol-capped gold NPs via solvent evaporation. They suggest that the
structure formation is mainly driven by solvent-mediated interactions and not solely
by the Van der Waals attraction between the particles [53]. Born et al. demonstrated
that ligand-solvent interactions of the individual nanoparticles inﬂuence the morphol-
ogy of the agglomerate by varying temperature and ligand chain lengths of thiol-capped
gold NPs [52]. Both experiments and a simple physical model for monolayer-protected
AuNPs have also suggested that ligand-ligand interactions can induce AuNP aggrega-
tion [55]. They demonstrated that disordered and ordered agglomerates of the same
alkyl thiol-coated gold nanoparticles depends on temperature and solvent. They ex-
plained that order occurs only above the melting temperature of the ligand shells and
is governed by the contact mechanics of the ligand shells.
Ligand-ligand and ligand-solvent interactions dominate suspension stability and have
to be taken into account during assembly since they also inﬂuence the agglomeration
kinetics.
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2.2 Emulsions
Emulsions are dispersions of one liquid in a second immiscible liquid. In an emulsion,
the dispersed phase consists of liquid droplets and the continuous phase of a liquid
medium in which the liquid droplets are dispersed. They can be classiﬁed based on
their morphology: Emulsions that have water as the continuous phase and oil as the
dispersed phase are called oil-in-water (O/W) emulsions. When water is the dispersed
phase, it is called water-in-oil (W/O) emulsions or inverse emulsion. Emulsions are
thermodynamically unstable systems, energy is required to disperse the droplet phase
into the continuous phase.
Emulsions can be stabilized by the presence of a molecule or particle. The emulsiﬁer
(molecule or particle) will stabilize the emulsion by creating a physical barrier between
the two phases and reducing the interfacial tension. According to the nature of the
liquids and the expected stability, the emulsiﬁer will be chosen. There are multiple
classes of emulsiﬁers: ionic or nonionic surfactant, polymers, surfactant mixtures, or
solid particles.
2.2.1 Emulsion stability
Emulsions undergo destabilisation after a period of time. The drops formed undergo
several processes that tend to bring the system to its lowest state of energy corre-
sponding to two separated phases with a minimum area of contact between them [56].
Therefore, a minimisation of interfacial area can be obtained by aggregation processes
such as ﬂocculation, sedimentation, coalescence, coagulation and Ostwald ripening.
Those destabilisation phenomena are presented in ﬁgure 2.7.
Creaming (migration of the dispersed phase up to the solution) or sedimentation
(downward migration of the dispersed phase) are reversible destabilisation phenomena
of emulsions, since the agitation of the solution allows the redispersion of the droplets.
These two phenomena are due to the density diﬀerence between the two phases and is
a form of gravitational separation. The stationary velocity during phase separation is
governed by Stoke’s law:
v =
2
9
Δρ · g · r2
ηc
(2.9)
– v is the stationary velocity of the drop (m.s−1)
16
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Figure 2.7: Destabilisation phenomena of an emulsion - Creaming, sedimentation
and ﬂocculation are reversible phenomena whereas phase separation and coalescence are
irreversible phenomena. Adapted from Tadros[57]
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– g is the acceleration due to gravity (m.s−2)
– Δρ is the diﬀerence between the densities of the diﬀerent phases (kg.m−3)
– r is the drop radius (m)
– ηc is the dynamic viscosity of the continuous phase (Pa.s)
The rate of creaming (or sedimentation) is proportional to the square of the ra-
dius. Decreasing the diameter of the droplets can considerably decrease the migration
velocity. In the case of nano-emulsions, where the diameter is smaller than 100 nm,
Brownian motion (which describes the random motion of a particle in a ﬂuid) domi-
nates gravity and keeps the droplets almost evenly distributed throughout the emulsion.
Another reversible phenomena is the ﬂocculation of the droplets without change
of the droplets size [58]. It may occur when the attraction forces between droplets (e.g.
Van der Waals forces) are stronger than the repulsive forces. To prevent this process,
one solution is to increase the repulsive forces between droplets by introduction of an
electrostatic repulsion with the addition of ionic surfactants or a steric repulsion with
the addition of non-ionic surfactants.
Even though the previously mentioned phenomena are reversible, they promote co-
alescence, which is an irreversible process. Other processes induce an increase in the
size of the droplets of the emulsion, and are hence irreversible: coalescence and Oswald
ripening.
Coalescence is the rupture of the surfactant ﬁlm separating two droplets, resulting
in the fusion of these two droplets (as shown in ﬁgure 2.8) [58]. The stiﬀness of the
interfacial layer is the key to the droplet coalescence, which creates an energy barrier
that has to be overcome before the thermodynamic stable state is reached. Therefore,
it is necessary to introduce a strong interfacial layer in order to enhance the emulsion
stability. Coalescence often happens when the droplets are in a very close distance. At
this point, the attractive force is greater than the repulsive force and causes failure of
the interfacial layer inducing the fusion of the droplets.
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Ostwald ripening occurs when the dispersed phase is slightly soluble in the con-
tinuous phase. In this case, the Laplace pressure which is larger in droplets of small
diameter, will force the solubilisation of molecules of the dispersed phase in the continu-
ous phase, which will then be preferentially assimilated by the larger droplets (because
the Laplace pressure is lower) as illustrated in ﬁgure 2.8. The transfer between the
droplets of the dispersed phase takes place by molecular diﬀusion through the contin-
uous phase.
Figure 2.8: Schematic of the coalescence and Ostwald ripening process - a)
When two droplets are close and the interfacial layer is thin, it can break, resulting in the
fusion of the two droplets. b)Ostwald ripening occurs when the dispersed phase is (slightly)
soluble in the continuous phase. The Laplace pressure diﬀerential will cause a migration
of small droplets into the larger one.
Ostwald ripening thus results in a decrease in the diameter of the smaller droplets
up to their complete disappearance and an increase in the diameter of the largest ones.
All these destabilisition phenomena have to be taken into account during emulsiﬁ-
cation. Three main processes occur simultaneously during emulsiﬁcation: the dispersed
phase breaks up and droplets are formed, emulsiﬁer molecules are adsorbed onto the
formed droplets and droplets encounter each other. Despite the fact that emulsions
exist in a thermodynamically unstable state, they can remain kinetically stable for
months or years. One important destabilisation process that can occur in this study is
creaming. There are many ways to reduce creaming [59, 60]:
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• reduction of the droplet size can be achieved by eﬃcient homogenisers or by using
adequate emulsiﬁers to prevent droplet coalescence,
• minimisation of the density diﬀerence between the two phases which can be
achieved by adding a weighting agent to the oil phase or using highly dense
emulsiﬁers,
• increase of the continuous phase viscosity can be achieved by a gelling agent
introduced in the continuous phase,
• increase of the droplet concentration which will minimize the movement of the
droplets.
Due to Brownian motion, gravity and mechanical agitation, emulsions droplets are
constantly moving and can collide with each other. By doing so, they will either move
apart or aggregate leading to coalescence. This phenomenon consists of the nucleation
of a thin channel between two droplets [56, 58]. The formation of this channel requires
a certain level of energy, which determines the nature of the droplet collisions. At high
energy level, there is no aggregation and the droplets will move apart. However, at
low energy level, droplets are strongly ﬂocculated leading to the creation of a channel
between the droplets. The energy barrier is so low that the channel will grow resulting
in droplets coalescence. The rate at which the channel forms is also of great importance
to predict coalescence. Emulsion droplets are moving constantly and so collision time
may be very short. However, if this time is long compared to the time required for the
formation of the connecting channel, coalescence may occur. Coalescence is also largely
dependent on the properties of emulsiﬁers adsorbed at the droplets interface. Emulsiﬁer
molecules form a layer around the droplets that protects them from coalescence. The
concentration of emulsiﬁer must be high enough to completely cover the surface of the
droplet. Moreover, the time required for the emulsiﬁer to adsorb at the interface is also
an important parameter. In order to minimize the coalescence during the emulsiﬁcation
process, the time required for the emulsiﬁer to adsorb at the interface should be lower
than the time required for droplet collisions.
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2.2.2 Choice of emulsiﬁer
To prevent destabilisation of the emulsion, we have to introduce an emulsiﬁer capable
of stabilizing the droplets formed. There are multiple types of emulsiﬁers, the most
common being amphiphilic molecules called surfactants. Emulsions can also be stabi-
lized by solid particles, leading to emulsions called “Pickering emulsions” which will
be discussed in more details later [61]. Surfactants, also called surface-active agents,
contain two groups, a hydrophilic group which is water soluble, and a lipophilic group
which is oil soluble. All emulsifying agents are adsorbed onto the oil-water interface to
provide a protective barrier around the dispersed droplets. In addition to this protec-
tive barrier, emulsiﬁers stabilize the emulsion by reducing the interfacial tension of the
system. Some agents enhance stability by imparting a charge on the droplet surface
thus reducing the physical contact between the droplets and decreasing coalescence.
Surfactants can be classiﬁed in four diﬀerent groups depending on the nature of their
hydrophilic part:
• anionic surfactants, where the hydrophilic part is negatively charged,
• cationic surfactants, where the hydrophilic part is positively charged,
• zwitterionic or amphoteric surfactants, where the hydrophilic part has two oppo-
sitely charged groups,
• nonionic surfactants, where the molecule has no charge.
The selection of a surfactant in the preparation of emulsions is often made on an em-
pirical basis. There are diﬀerent models which can be used to choose a surfactant. The
simplest one is the Bancroft-rule which is related to the surfactant solubility. Whether
a molecular surfactant preferably stabilizes oil-in-water (O/W) or water-in-oil (W/O)
emulsions, is determined by the surfactants solubility. The phase in which the surfac-
tant is preferably soluble normally forms the continuous phase [62].
Another model was presented by Griﬃn [63, 64]. He introduced the Hydrophilic-
Lipophilic-Balance (HLB) value for the empirical description of the surfactant orien-
tation at the interface. It corresponds to the relative percentage of hydrophilic to
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hydrophobic groups in the surfactant. The HLB-value is a dimensionless number be-
tween 0 and 20, where values of 0 to 8 are characteristic of an oil soluble surfactant
and HLB-values between 10 and 20 are characteristic of a water soluble surfactant.
HLB range Application
3-6 w/o emulsiﬁers
7-9 wetting agents
8-18 o/w emulsiﬁer
13-15 detergents
15-18 solubilizing agent
Table 2.1: HLB ranges and their applications - Overview of class of surfactant
according to their HLB value
By applying the HLB system, one will be able to obtain an indication of what type
of emulsiﬁer to choose according to the system that he wants to obtain (production of
W/O emulsion, O/W emulsion, choice of detergent or solubilizing agent). As detailed
in Table 2.1, an emulsiﬁer that is hydrophilic is assigned with a high HLB-value (above
8.0) whereas one that is lipophilic is assigned with a low HLB-value(below 9.0).
Regardless of their classiﬁcation, all emulsifying agents must be chemically stable
in the system, inert and chemically non-reactive with other emulsion components.
2.2.3 Pickering emulsions
Emulsions stabilized by solid particles are called Pickering emulsions and consist of
dispersions of two immiscible liquids stabilized by solid particles. They are known
for about a century and were ﬁrst identiﬁed by Ramsden in 1903 [65] and described
more in detail by Pickering in 1907 [61]. Pickering observed that particles can act as
stabilizers for foams and emulsions by adsorbing to the interface. A dense layer of
particles residing at the oil-water interface prevents the coalescence of droplets.
The stability of Pickering emulsions is related to the adsorption of particles at the
interface between the immiscible phases. Solid particles, just like molecular surfactants,
generally follow the Bancroft rule: the continuous phase is the one in which the particles
have the greatest aﬃnity. An o/w emulsion will be stable if the particles are soluble in
water and vice versa a w/o emulsion is stable if the particles are soluble in oil. However,
the mechanisms of stabilisation involved are very diﬀerent from emulsion stabilized by
surfactants. Numerous types of particles can be used for Pickering emulsions [66, 67].
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The particles are not necessarily solid: eﬀective stabilisation has been observed with
microgels, liquid crystals, but also with natural particles such as bacteria and spores
[68, 69].
The excellent stability of Pickering emulsions is particularly attractive for pharma-
ceutical and cosmetic applications. The assembly of nanoparticles at ﬂuid interfaces
can form a solid shell around the droplets, which allows the encapsulation of a molecule,
as described by Simovic and Prestidge [70]. They show that the release kinetics of the
encapsulated active agent is controlled by the density of the adsorbed layer [70]. The
amount of particles at the interface can be changed depending on the hydrophobicity
of the particles or the presence of salt in the solution.
The eﬃciency of the stabilisation depends mostly on the characteristics of the par-
ticles, namely, their size, shape, concentration and capacity to be hydrophobic or hy-
drophilic. The hydrophobicity is characterized by the contact angle θow between the
aqueous phase, the oil phase and the particle [71]. The value of the contact angle
determines the position of the particle at the interface (ﬁgure 2.9).
oil
water
θow
Figure 2.9: Position of a spherical particle at an oil/water interface - Position
represented for a contact angle less than 90◦ (left), equal to 90◦ (centre) and greater than
90◦ (right). Adapted from Binks [71]
For an optimal stabilisation of emulsions, its value should be close to 90◦. Particles
with a contact angle smaller than 90◦ are usually called hydrophilic and if the contact
angle is greater than 90◦ they are called hydrophobic. The emulsion type (O/W or
W/O) strongly depends on the value of this contact angle.
The wettability of the particles (measured by the value of the contact angle) inﬂu-
ences the amount of energy required to remove a particle from the interface. Assuming
a spherical solid particle that is small (submicron), with negligible mass, the energy
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required to remove a particle of radius r from the interface is given by the equation
[71–73]:
E = πr2γow(1± cosθ)2 (2.10)
The sign in the equation is positive when moving the particle into the oil phase and
negative when moving the particle into the aqueous phase. Depending on the contact
angle, the adsorption strength of a particle at the interface can be high or low. It is
low (10 kBT ) for angles between 0
◦ and 20◦ or 160◦ and 180◦ and maximum for angles
approaching 90◦ [71]. For a contact angle close to 90◦ the energy to remove a particle
from the interface is of the order of a few 1000 kBT . In that case, the adsorption can
be considered irreversible.
Figure 2.10: Energy of detachment of a particle according to its radius - Energy
calculated for a contact angle of 90◦ and an interfacial tension of 50 mN.m−1. We can
notice that the energy is really low for radii smaller than 0.5 nm. Graph from Binks [71]
The adsorption energy varies considerably with the size of the particles. Figure
2.10 shows the adhesion energy of a particle as a function of its radius. Typically, for
very small particles (less than 0.5 nm), the adsorption energy is low regardless of the
contact angle (less than 7 kBT ). Particles of this kind are not eﬀective as stabilizer
because the detachment of the interface is then relatively easy.
Although the phenomenon of stabilisation of emulsions by particles has been known
for a long time, their applications are still under development. In biomedical engineer-
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ing, for example, Pickering emulsions are used to create colloidosomes that could deliver
precise concentrations of drugs to speciﬁc targets in the human body. Understanding
the behaviour of particles at liquid interfaces is also relevant to many aspects of chem-
ical engineering, water puriﬁcation, mineral recovery techniques, petroleum industry
and the manufacture of nanostructured materials, especially when the formation of
these emulsions is expected or when it is a technological problem.
2.3 Colloidal self-assembly
Well-deﬁned ordered structures prepared from nanoparticles provide new opportunities
for optimizing the properties and performance of new materials made from NPs[74].
Tuning particle size and interparticle distance allow us to obtain a nanocrystal system
with tuned properties. Self-organisation of nanoparticles is a new route for the for-
mation of superlattice materials which is achieved by controlling size and shape of the
selected nanocrystals and using self-assembly as a way to bound them altogether [75].
In nanocrystal self-assembled structures, nanocrystals are the fundamental building
units, acting as “atoms” for the construction of the ordered structure. The properties
of the superlattice materials is determined not only by the individual properties of each
particle but also by the interaction between those nanocrystals. For example, if the
building blocks are magnetic nanocrystals, magnetic eﬀects may be brought into the
assembled structure.
Several approaches have been used in order to obtain 2D and 3D structures [75].
Spontaneous formation of periodic domain structures is a phenomenon that has been
known for several decades. The formation of nanometer-scale ordered structures has
become a subject of intense experimental and theoretical studies. It can be realized
using several techniques such as the bulk destabilisation on a solid surface or using
templates. The template is the host for the formation of ordered structure and has
the advantage that we can control the size and shape of the ordered structures formed.
Moreover, they are well-deﬁned systems in which assembly mechanisms can be studied.
This procedure is sometimes refered to as TASA template-assisted self-assembly [76].
Templating has been explored by a number of groups as a powerful tool to direct and
control assembly processes.
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Droplets have emerged as a versatile tool for the development of multiple microscale
applications in the last decades. The droplets work as sites for fabrication of hierarchical
and responsive materials which can ﬁnd applications in photonics [77, 78], microﬂuidics
[79, 80] and targeted delivery materials [81–83]. Emulsion droplets and colloidal parti-
cles have been exploited as templates for the formation of microcapsules, colloidosomes
or supraparticles. Velev et al. demonstrated the use of emulsion droplets as template
for the fabrication of dense and hollow spheres from latex particles [22, 23]. They
emulsiﬁed octanol in an aqueous suspension of latex particles, which were coated with
a surfactant to render them more hydrophobic. This caused the spheres to segregate
to the interface. After removal of the oil phase, spherical aggregates of disordered
spheres were produced. Colloidosomes were later produced by Dinsmore et al. [84].
They consist of hollow, elastic shells whose permeability and elasticity could be pre-
cisely controlled. The generality and robustness of these structures were demonstrated
by the use of a variety of solvents, particles and contents. To produce capsules with
speciﬁc properties, temperature-sensitive microgel particles were used to fabricate col-
loidosomes which expanded and contracted upon heating and cooling. Dinsmore et al.
showed that colloidosomes can serve as semi-permeable capsules (ﬁgure 2.11).
Figure 2.11: Scanning electron microscope image of a dried colloidosome - The
10μm diameter colloidosomes are composed of 0.9μm diameter polystyrene spheres. The
beads were sintered together. Image from Dinsmore et al. [84]
In subsequent work, Pine and his co-workers (in particular Manoharan) recognized
that colloidal particles in the micrometer regime organize into structures when conﬁned
in an emulsion droplet [29]. They developed a practical method to form well-deﬁned
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hard-sphere clusters which were fabricated by drying the oil out of an oil-in-water
emulsion. They recognized that well-deﬁned clusters formed when evaporating Pick-
ering emulsions where the polystyrene (PS) microspheres were bound to the interface.
Removing the liquid from the droplet containing particles generates compressive forces
that draw the particles together. Once the spheres are at the interface, capillary forces
are generated and lead to a rearrangement of particles into a deﬁned cluster.
More recently, ordered supraparticles formed where the particles were prevented
from collecting at the interface of the droplets [85]. The supraparticles are made by
encapsulating polymer colloidal particles (PMMA) in emulsion droplets of hexane. Sub-
sequent removal of the hexane from the droplets led to spherical aggregates of polymer
spheres (ﬁgure 2.12). The use of two diﬀerent kinds of surfactants, a standard water-
soluble surfactant, and an oil-soluble species prevents particles from sticking to the
interface. The addition of a secondary surfactant reduces the binding energy close to
the thermal energy, allowing the particles to move freely throughout the droplet and
form dense, ordered supraparticles upon removal of the solvent.
Figure 2.12: Scanning electron microscope image of PMMA supraparticles -
The supraparticles are composed of 600-nm-diameter PMMA spheres. On the outside, the
particles are arranged in spherical shells resembling the colloidosome structures. Many of
the supraparticles are also faceted rather than spherical. Image from Manoharan [85]
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Chapter 3
Experimental and
instrumentation
3.1 Materials
3.1.1 Gold nanoparticles
Gold nanoparticles with core diameters of 6 nm were synthesized using a route adapted
from Zheng et al. [86]. They were formed in a one-pot reduction of a gold source by an
amine-borane complex in the presence of an alkyl thiol. Chlorotriphenylphosphine gold
(ABCR, minimum purity 98%) was mixed with dodecanethiol (Fluka, 98%) in benzene
(Riedel-de-Hahn, 99.5%) to form a clear solution to which the tert-butylamine-borane
complex (Fluka, 97%) was subsequently added. The mixture was heated to 55 ◦C for
2 h during which the solution turned into a dark purple color indicating nanoparticle
formation. After the reduction reaction the gold nanoparticle suspension was cooled
to room temperature. The particles were then precipitated by the addition of ethanol,
washed by centrifugation, and subsequently resuspended in hexane.
The size of the metal core of the particles was measured using transmission electron
microscopy (TEM) and small-angle X-ray scattering (SAXS) and are presented in Table
3.1.
3.1.2 Surfactants
To stabilise the emulsion, diﬀerent surfactants were used. Sodium dodecyl sulfate
(SDS), polyethylene octyl phenyl ether (Triton X-100), Sorbitan monolaurate (Span
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TEM SAXS
Radius [nm] σ Radius [nm] σ
Gold nanoparticle 3.2 0.29 3.55 0.3
Table 3.1: Size of the core of the gold nanoparticles - Size and size distribution
(σ) of the gold cores of the particles were analyzed from TEM using the ImageJ analysis
software for dozens of particles and from SAXS by ﬁtting the form factor to the scattering
proﬁles of diluted samples.
20) and Polyethylene glycol sorbitan trioleate (Tween 85) were purchased from Sigma-
Aldrich. Table 3.2 introduces some of their properties as provided by the manufacturers
and the references mentioned.
Molecular Type Molecular cmc density HLB
formula weight [mmol/L] [g/mL] value
Triton X-100 non-ionic 624 0.2− 0.9 1.07 13.5
Twenn 85 non-ionic 1741 0.00029 [87] 1.028 11
Span 20 non-ionic 346.47 0.021 [88] 1.032 8.6
SDS anionic 289 8.2 [89] 1.01 40
Table 3.2: Some properties of surfactants used for the preparation of emulsions
3.1.3 Emulsions
Nanoparticle-containing oil-in-water microemulsions were prepared by emulsiﬁcation of
a nanoparticle dispersion in water containing diﬀerent surfactants. Eﬃcient emulsiﬁ-
cation was achieved by using ultrasonic or mechanical shearing, which yielded similar
results.
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3.1.3.1 Emulsiﬁcation by mechanical shearing
Emulsions were made from a macroscopic mixture of water and oil, where one of the two
phases contains colloidal particles. Fragmentation of the dispersed phase was produced
by stirring the mixture using an Ultra-Turrax benchtop homogenizer (Typ T-25, IKA-
Werke GmbH, Staufen, Germany) at 20500 rpm during 30 min. The system consists
of a rotor within a stationary stator which are separated by a gap. Due to the high
rotational speed, the emulsion is drawn automatically in the axial direction, into the
dispersion head and then compressed in the radial direction, through the slots of the
rotor / stator system. The droplets are fragmented in the velocity gradient prevailing
in the air gap.
Figure 3.1: Principle of Ultra-Turrax benchtop homogeniser - The ﬂuid is drawn
in the axial direction due to the high rotation speed and then pressed radially through the
slots of the rotor / stator system. The emulsion is thus subjected to very high shear forces
and fragmented into smaller droplets in the gap between the rotor and the stator
The device is equipped with a motor for movement of the rotor at diﬀerent speeds:
from 3000 to 24000 rotations per minute. The turbulent ﬂow implemented allows frag-
menting drops but very energetic collisions cause recombination events (coalescence).
After a few minutes, a steady state is established in which the distribution of drop sizes
result from a complex coupling between fragmentation and recombination.
3.1.3.2 Emulsiﬁcation by ultrasound
The emulsion could also by sonicated using an ultrasonic bath (S100H Elmasonic, Elma
GmbH & CoLG, Singen, Germany) at 40 ◦C for 30 min. The principle is presented in
ﬁgure 3.2. The application of ultrasound causes acoustic cavitation resulting in the
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formation, growth and subsequent implosive collapse of bubbles by the pressure ﬂuctu-
ations of a simple sound wave, which creates extreme levels of highly localized turbu-
lence. The turbulent implosions break up primary droplets into sub-micro size droplets.
Ultrasonic bath Implosion
Time
Cavitation bubbles which are growing
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Figure 3.2: Ultrasound and Cavitation - Ultrasound results in successive waves which
induce the fromation of bubbles that oscillate and eventually grow to an unstable size and
then implode
For a typical experiment, gold nanoparticles dispersion in hexane were mixed with
ultrapure water (Milli-Q water puriﬁcation system type ELIX 20, Millipore Corp.,
USA) and 1% per weight aqueous solution of surfactant. In order to enhance good
stabilisation, the surfactant concentration was adjusted to be above critical micelle
concentration (cmc). Exact concentrations are given in table 3.3
Surfactants
Triton X-100 Tween 85 Span 20 SDS
Volume water [mL] 16 16 16.31 16
Volume gold suspension [μL] 320 320 320 320
Volume surfactant [μL] 320 320 4000 320
Concentration of surfactant 0.3 0.11 8.4 0.57
in emulsion [mmol]
Table 3.3: Emulsion characteristics
After emulsiﬁcation from mechanical shearing or ultrasound, the solvent was then
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removed from the emulsion droplets by evaporation. In the simplest case, the oil phase
was left to evaporate at room temperature and ambient pressure for at least 12 h. For
the synchrotron SAXS study, evaporation was enhanced using a nitrogen stream. A
sealed vessel containing the emulsion was submerged into a thermostated bath and
kept at 298 K. The vessel was connected to a nitrogen stream that bubbled through
the emulsion to permit evaporation of the dispersed solvent in only 4 h.
3.2 Characterisation techniques
The following section gives an overview about the experimental techniques used in this
work.
3.2.1 UV-Vis spectroscopy
UV-Vis spectrometry was performed using a Cary 5000 photospectrometer (Varian
Inc., USA) that recorded spectra in the wavelength range from 200 nm to 800 nm.
Approximately 1 mL of the respective samples was measured using a quartz cuvette
with a beam path of 1 cm. The spectrum of the background (water or hexane) was
subtracted from the samples’ UV-Vis spectra.
The UV-Vis spectra were ﬁtted with Lorentz curves for the determination of ab-
sorbance (ASPR) and wavelength (λSPR) at peak maximum. The Lorentz ﬁts of the
UV-Vis spectra were performed using Origin 8.0 software. The Gaussian ﬁts function
gives good results of ﬁt values (χ2 ≈ 1), proving accurate curve analysis.
3.2.2 Transmission electron microscopy
Morphological and structural characterisation was carried out with a CM 200 electron
microscope (Philips, Netherlands) operating at 200 keV. Samples were prepared by
placing a drop of the supraparticle-containing dispersion on the surface of a carbon-
coated copper grid and allowing the grid to dry in air. To determine the mean size
of the gold cores of the particles and the interparticle distance between agglomerated
nanoparticles, several dozens of particles were evaluated using the ImageJ analysis
software (available for free download from the NIH) (ﬁgure 3.3).
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Figure 3.3: Gold nanoparticles - TEM image of 3.55 nm radius gold nanoparticles
capped with dodecane-1-thiol.
3.2.3 Scanning electron microscopy
A scanning electron microscope (SEM) (FEI Quanta 400F, FEI Europe, Eindhoven,
Netherlands) was used to characterize the surface structure of large supraparticles.
Samples for SEM were prepared by placing a drop of the supraparticle-containing dis-
persion on the surface of a silicon wafer and allowing it to dry in air.
3.2.4 Tensiometry
The interfacial tension between the inner and outer phases results in an increased
pressure inside the drop. The relationship between the diﬀerence in pressure Δp and
the interfacial tension is described by the Young-Laplace equation,
Δp = γ
(
1
R 1
+
1
R 2
)
(3.1)
where Δp is the pressure diﬀerence at the drop interface, γ is the interfacial tension,
and R1 and R2 are the radii of curvature of the drop. Without external forces, the
drop should have a spherical shape. However, the eﬀect of gravity will deform the drop
by generating an increasing pressure inside the drop and the pressure diﬀerence can be
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rewritten as:
Δp = Δp0 +Δρgz (3.2)
where Δp0 is the reference pressure without inﬂuence of gravity, Δρ is the diﬀerence
in density between the two phases, g is the gravitational acceleration and z is the vertical
distance between measuring point and opening of needle.
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Figure 3.4: Pendant Droplet tensiometer - a) Shematic representation of the pendant
droplet tensiometer setup. b) Optical image of a pendant droplet of hexane held by J-
needle in water. The shape of the pendant droplet is captured by tensiometer and ﬁt to
a shape (green curve around the droplet) predicted by the Young-Laplace equation using
the software provided with the tensiometer.
The volume of the drops was chosen such that they were deformed by gravity, just
before the point of break-oﬀ from the needle tip. Since the shape of the drop depends
on the interfacial tension of the system, diﬀerent volumes (between 1 μL and 20 μL)
were chosen depending on the system studied. To determine te interfacial tension, the
shape of the droplet was captured and ﬁt to a shape predicted by the Young-Laplace
equation using software provided with the tensiometer.
Interfacial tension measurements were carried out on a DSA 100 pendant drop
tensiometer (Kru¨ss GmbH, Germany), which we used as a drop shape analyzer. Mea-
surements were performed at an ambient temperature of 295 K ± 1 K. Drop images
were acquired by a black and white, high-speed camera and analyzed using the DSA3
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software supplied by the manufacturer. To measure the oil-water interfacial tension,
the continuous phase was ﬁlled into a quartz glass cuvette. The dispersed phase was
ﬁlled into a glass syringe which was connected to a J-shaped needle that protruded into
the cuvette as illustrated in ﬁgure 3.4 a).
The interfacial tension values were obtained by ﬁtting the proﬁle of the pendant
drop to its theoretical shape using the DSA3 software as shown in ﬁgure 3.4 b). The
arithmetic mean and the standard deviation of at least three measurements were used
as interfacial tension values.
For all measurement performed in this work, the concentration of gold in hexane
was 0.38 mg/mL. All surfactants were at concentrations considerably above cmc, ap-
proximately 9 mmol of SDS in water, approximately 1 mmol of Triton X-100 in water,
approximately 1 mmol of Tween 85 in water and approximately 1 mmol of Span 20
in water. The drops assumed their equilibrium shapes after 1 min; repeated measure-
ments were peformed during 5 min until a plateau was reached that we report as the
equilibrium interfacial tension.
3.2.5 Dynamic light scattering
Dispersed particles, when suspended in a liquid medium, undergo Brownian motion
which causes ﬂuctuations of the local concentration of the particles, resulting in ﬂuc-
tuations in the intensity of the scattered light.
From the time-dependent intensity ﬂuctuations and by using a correlator we can
determine a so-called autocorrelation function, g(τ):
g(τ) =
〈I(q, 0)I(q, τ)〉
〈I(q)〉2 = e
−2Dq2τ (3.3)
where D is the diﬀusion coeﬃcient of the particles and q is the scattering vector
deﬁned as
q =
4πn
λ
sin
(
θ
2
)
(3.4)
35
3. EXPERIMENTAL AND INSTRUMENTATION
and n is the refractive index of the medium, λ the laser wavelength, and θ the
scattering angle.
I(t) g(τ)
time time
small particles
big particles
Figure 3.5: Intensity and autocorrelation function - Smaller particles are moving
more rapidly than bigger particles resulting in a smaller decay time
Assuming that the particles are spherical and non-interacting, the mean radius is
obtained from the Stokes-Einstein equation:
RH =
kBT
6πμD
(3.5)
where kB is the Boltzmann constant, T the temperature, and μ the shear viscosity
of the solvent.
At a constant temperature T the method only requires the knowledge of the vis-
cosity μ of the suspending ﬂuid for an estimation of the average particle size and its
distribution function. The radius measured in DLS is called the hydrodynamic radius
and refers to how a particle diﬀuses within a ﬂuid. The radius obtained by this tech-
nique depends not only on the size of the particle, but also on the ligand attached to
their surface (Figure 3.6). This means that the size calculated may be larger than that
measured by electron microscopy which indicate to the diameter of the core.
Dynamic light scattering (DLS) was performed using a laser scattering goniometer
(CGS-3, ALV GmbH, Germany) equipped with a 35 mW HeNe laser emitting at a
wavelength of 632.8 nm. The scattered light was collected at 90◦ scattering angle, split
and detected by two avalanche photodiodes. A hardware correlator (ALV-7004, ALV
GmbH, Germany) correlates the scattered intensity data in real time and outputs the
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Figure 3.6: Hydrodynamic radius of a particle - The diameter measured in DLS
takes into account the ligand shells which are attached at the surface of a particle
normalized intensity correlation function as a function of the delay time. The sample
was contained in a 1 cm-diameter glass cuvette held in a sample chamber ﬁlled with
toluene. Its temperature was held at 293 K by a thermostated, circulating water bath
(Phoenix II, Haake, Germany).
3.2.6 Small angle X-ray scattering
Small angle X-ray scattering allows the characterisation of the material which is irra-
diated by x-rays as a function of its scattered intensity. It is sensitive to the size, the
shape, the concentration of particles in the sample and their interactions. By measuring
the scattered intensity for small angles (i.e. close to the direction of the incident light),
we have access to the structural properties of the sample to a scale in the order of 2π/q.
For a range of scattering vector q between 0.006 nm−1 and 6 nm−1, it corresponds to
scales between 1 μm and 1 nm.
When a beam of wavelength λ, with a diﬀusion vector and ki, with a ﬂow N0 (in
counts/s) irradiate a sample of volume V and thickness e, a fraction N of the ﬂow is
elastically scattered in the direction kd in the solid angle ΔΩ (Figure 3.7) :
ΔN = N0Tr
e
V
dσ
dΩ
−→
kdΔΩ (3.6)
where Tr is the transmission of the sample and (
dσ
dΩ)
−→
kd is the eﬀective diﬀerential
scattering cross section. The scattering intensity per unit volume is deﬁned by:
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Figure 3.7: Principle of SAXS - the sample is irradiated by a monochromatic X-ray
and the scattered intensity from the sample are detected on the detector
I =
1
V
dρ
dΩ
−→
kd =
ΔN
N0
1
TreΔΩ
(3.7)
and the scattering vector −→q = −→kd −−→ki , is deﬁned by its amplitude :
q =
4πn
λ
sin
(
θ
2
)
(3.8)
The scattered intensity for a set of N particles can be written as
I(q) = φVpF (q)S(q) (3.9)
where φ is the concentration of particles, Vp their volume and F (q), the so-called
form factor which describes the scattering of individual particles and contains infor-
mation on the size and shape of the particles. The structure factor S(q) describes
the interference by light scattered from diﬀerent particles and contains information
about the interparticle interactions. In the case of dilute suspension, no interactions
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between particles are observed and S(q) ≈ 1. The scattering proﬁle of the intensity I(q)
therefore describes only the size and shape of the particle. For homogeneous spherical
particles, the form factor can be described as a function of the radius of particle R [90]:
F (q) =
[
3
(qR)3
(sin(qR)− qRcos(qR)
]2
(3.10)
S(q) describes the inter-particle correlations and is sensitive to interactions between
them. Diﬀerent expressions were developed for the determination of the structure
factor.
In the case where the particles become suﬃciently attractive and form clusters, the
excess scattering at low q can be described by a Lorentzian term Sc(q) [91],
Sc(q) =
IM
(1 + q2ξ2)p
, (3.11)
where IM and ξ are proportional to the average mass and size of the clusters, and p is
a power-law exponent related to the fractal dimension of the clusters.
SAXS experiments were carried out at the SAXS beam line ID02 of the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. The experiments were
repeated for two diﬀerent sample-detector distances (10 m and 1 m) to cover a wide
q range, at a wavelength of λ = 0.1 nm and scattering angles 2θ between 0.009 and
6◦). Two diﬀerent emulsions were analysed subsequently at the two sample-detector
distances. During the evaporation of the particle-containing emulsion, 0.3 μL emul-
sion were removed every 10 min, introduced into a ﬂow-through capillary cell (outside
diameter approximately 2 mm, wall thickness approximately 0.01 mm) and character-
ized in a SAXS measurement. The procedure was repeated until complete evaporation
of the solvent was reached. We used the same cell during all experiments to enable
reliable subtraction of the background. The two-dimensional scattering images were
radially averaged, a water background was subtracted and the data was analyzed using
ESRF’s SAXSutilities software [91]. For measurements on dried clusters, drops of the
supraparticle-containing dispersion were placed on the surface of a mica window (di-
ameter 16 mm and thickness 10 μm to 20 μm) and allowed to dry in air. The windows
were placed in a four-position sample changer normal to the beam.
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3.2.7 Analytical centrifugation
The stability of the ageing dispersions was characterized by precipitating them in a po-
lar solvent mixture and analytical centrifugation. Filtered dispersions were mixed with
equal volumes of 1-propanol and immediately transferred to cuvettes in a LUMiSizer
multisample analytical centrifuge (L. U. M. GmbH, Berlin, Germany). 1-propanol was
chosen as it mixes well with hexane. The centrifuge uses a line array detector and LED
light source to measure space- and time-resolved extinction proﬁles while the sample
rotates at deﬁned speed and temperature as illustrated in ﬁgure 3.8. Intensities of
the transmitted light as a function of time and position over the entire length of the
cuvette were recorded. Agglomeration and phase separation of the individual samples
was compared and analyzed by tracing the sedimentation of the particles and their
agglomerates.
Figure 3.8: Measurement scheme of the LUMiSizer - Parallel NIR light goes
through the sample and the transmission proﬁles are detected as a function of time and
position over the entire cell lenght.Figure from Sobisch et al.[92]
All measurements were made in polycarbonate tubes (synthetic rectangular cell
PC), 2 mm transmission path, 0.4 ml ﬁlling capacity (L. U. M. GmbH, Berlin, Germany)
at velocities from 300 to 2500 rpm. SEPView software provided by the manufacturer
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was used to control the instrument and analyze data. The evolution of the transmission
proﬁles contains information on particle size distribution and agglomeration kinetics.
3.2.8 Atomic absorption spectrometry
The gold content in the supernatant liquid of gold suspension was characterized by
elementary analysis after all AuNP had been removed. Dispersions were precipitated
with the same volume of ethanol and centrifuged at 20500 rpm for 15 min. Gold in
the supernatant was quantiﬁed using a contrAA 700 high-resolution continuum source
atomic absorption spectrometer (HRCS-AAS). The spectrometer was equipped with
a Xe short arc lamp as a light source shining through the sample-containing graphite
furnace.
A solution of 400 μg/L of gold equivalent in 1-propanol (in the form of chlorot-
riphenylphosphine gold) was used as standard solution. The samples were diluted
with 1-propanol at a volume ratio of 1:10. A volume of 20 μL of the diluted sample
was injected into the graphite tube. Transmission was measured at a wavelength of
267.595 nm.
Drying, pyrolysis, and atomisation in the graphite furnace were performed according
to Table 3.4. The mean absorbances of duplicate injections were used throughout the
study.
Averages of two absorbance values from sequential injections were used throughout
this work.
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Programm step Temperature Ramp Hold time Gas ﬂow
[◦C ] [◦C/s] [s] [L/min]
Drying 1 90 6 20 0
Drying 2 120 6 10 0
Drying 3 150 6 5 0
Pyrolysis 800 100 20 0
Auto zero 800 0 5 0
Automatization 2200 1600 3 0
Cleaning 2500 500 5 0
Table 3.4: Graphite furnace temperature programs for the determination of gold in su-
pernantant liquid using HR-CS AAS.
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Chapter 4
Assembly of gold nanoparticles
into Lennard-Jones-like Clusters
This chapter was published in Nano Letters 2012 12 (6), 3279-3282. [93]
4.1 State of the art
The emulsion encapsulation method is an interesting route to clusters-like aggragates
with unique conﬁgurations of particles. Manoharan, Elsesser and Pine [29] found that
when a small number of colloidal microspheres are attached to the surfaces of liquid
emulsion droplets, removing ﬂuid from the droplets leads to packing of hard-sphere-
like microspheres. The structure of the clusters obtained range from sphere doublets,
triangles, tetrahedra and octaehdra to unusual polyhedra.
Almost a decade ago, Manoharan [30] recognized that the resulting structures can
be classiﬁed into three diﬀerent groups: colloidosomes (where the particles sit at the
liquid-liquid-interface), colloidal clusters (small polyhedral conﬁgurations of colloids
formed by capillary forces) and supraparticles (close-packed spherical crystallites). The
packing structure obtained is unique and depends only on the number of particles.
In 2005, Pine, working together with Yang and Cho [94], described the fromation
of colliodal cluster formed from 830-nm PS and 800-nm silica particles using a water-
in-oil emulsion. The aqueous silica suspension was emulsiﬁed in hexadecane or toluene
followed by slow evaporation of water leading to the formation of silica clusters. They
investigated how surface properties of particles inﬂuence the cluster structure. Depend-
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ing on the number of nanoparticles per cluster, n, the structure changes. For n ≤ 8 the
cluster structure appears to have a unique conﬁguration whereas for n = 8 and n = 11,
some isomeric clusters were observed depending on the electro-kinetic properties of the
surface of the colloidal particles.
In 2007, Bai [24] used an emulsion-based approach to assemble nanocrystals from
various shape, composition and size. The structure of the supraparticles obtained with
sizes ranging from 100 to 200 nm radius was not investigated.
Rastogi use the evaporation-based self-assembly method to form supraparticles from
a mixed suspension of latex microspheres with diﬀerent diameter (from 320 nm to
1000 nm) and gold nanoparticles with a diameter of 22 nm [78]. A droplet of the
suspension was deposited on solid superhydrophobic substrate and let to evaporate
during 60 min. The results are spherical supraballs or opal balls with colored domains
organized in series of concentric rings. During the solvent evaporation process, the gold
nanoparticles are small enough to pass through the interstices of the latex particles and
are thus located on the surface of the droplet.
More recently, an emulsion-based self-assembly method was used to assemble par-
ticles into clusters (n > 15), supraparticles (n > 100), and supraballs (n  100) [94].
They were fabricated by removing the dispersed solvent from a toluene-in-water or
water-in-toluene emulsion. During the evaporation process crosslinked PS nanospheres
were packed closely into higher-order clusters, supraparticles or ordered supraballs, de-
pending on the size of the emulsion droplet and the concentration on PS particle inside
each droplet (ﬁgure 4.1).
Higher-ordered clusters with structural complexity were generated by assembling a
small number of PS particles (n ≤ 15). For a higher number of particles inside each
droplet, spherical aggregates, namely, supraparticles, were generated. In that case, the
degree of packing order was not high enough to be classiﬁed as hexagonal or fcc structure
and were deﬁned by the author as supraparticles with intermediate packing ordering.
When the concentration of PS particles was further increased, ordered supraballs with
hexagonal packed structure were obtained.
The emulsion-templated structures presented previously are not minimum-energy
arrangements, but bear witness to their formation mechanism. Here, I introduce a
process that lets deﬁned numbers of nanoparticles reach their minimum energy conﬁg-
urations. Monodispersed gold nanoparticles in hexane were emulsiﬁed in water using
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Figure 4.1: Schematic diagram for the fabrication of colloidal aggregates -
Evaporation of droplet containing PS nanospheres leads to the formation of higher-order
clusters, supraparticles, or hexagonally packed spherical colloidal crystals, namely, supra-
balls depending on the number of nanospheres. When the number of nanospheres inside
the droplets is relatively small, the resultant self-assembled structures will be higher-order
clusters, small supraparticles with intermediate packing ordering or hexagonally ordered
supraballs. Image from Cho et al. [94]
Triton X-100 as a surfactant. The dispersed phase was then slowly evaporated until
only the nanoparticles remained (For more details on the emulsiﬁcation and cluster for-
mation process, see chapter 3.1.3). The colloildal clusters formed have some interesting
structures that are studied in this chapter.
In the ﬁrst part of the discussion I will describe the formation of clusters and show
that we can obtain interesting structures. I will then present some results on the in-situ
measurements during the evaporation. In a second part, I will introduce the diﬀerent
mechanisms that could lead to the formation of the supraparticles and I will determine
what is the exact formation route that leads to the clusters with interesting structures.
4.2 Results and discussion
4.2.1 Structure of supraparticles
The stable dispersion of supraparticles is suﬃciently robust to dry them and analyze
the arrangement of the constituent particles with the TEM.
As shown in ﬁgures 4.2 and 4.3 h, polydispersity of the emulsion leads to clusters
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Figure 4.2: Transmisson electron micrograph from diﬀerent batches of supra-
particles - While some supraparticles seems damaged by the drying process, a large
amount of supraparticles shows regular structures.
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consisting of diﬀerent numbers of nanoparticles. Upon careful evaporation, the supra-
particles assembled into hierarchical superlattices. The assembled structures were reg-
ular, but not simple pieces of crystal lattices. We ﬁnd them reproducible even when
changing the evaporation technique between a heated ultrasonic bath, a rotational
evaporator or a bubbler.
For comparison, Figure 4.3 b and c show the TEM and small-angle X-ray scat-
tering images of precipitated polycrystalline agglomerates. The scattering ring at
q = 0.93 nm−1 indicates the (111) lattice plane distance of the fcc packing while other
rings can be indexed to other lattice planes using Bragg’s law,
q = 2π
√
h2 + k2 + l2
al
(4.1)
where al is the lattice constant and h, k and l are the Miller indices [95]. The (111)
ring also occurs in the scattering from sparse layers of dry supraparticles made from the
same nanoparticles (ﬁgure 4.3 g). It is broadened, however, by the distorted lattices in
the clusters. Reﬂexes on the ring and (weaker) at slightly lower q represent crystalline
regions in the supraparticles with diﬀerent orientations. Reﬂexes at lower q probably
represent the increased interparticle spacing at boundaries inside the clusters.
Some elements of the supraparticles’ internal structure visible in ﬁgure 4.2, in par-
ticular “zipper”-like central lines, remind of the features used for the identiﬁcation of
icosahedral atomic clusters in TEM [96]. The supraparticles also exhibit crystalline
outer facets that are reminiscent of atomic clusters.
4.2.2 Formation mechanism of the supraparticles
In order to understand the mechanism of formation of the supraparticles, in situ obser-
vation of the assembly process was performed through surface plasmon spectroscopy
and small-angle x-ray scattering. Samples were removed from the evaporating emulsions
at regular intervals and characterized by UV-Vis spectroscopy. The surface plasmon
resonance (SPR) of the gold nanoparticles depends on the average particle distances;
UV-Vis spectra therefore indicate the local concentration of particles.
The large droplets in freshly prepared emulsion scatter light eﬃciently and cause
an overall weak transmission (Figure 4.4, a). As the droplets evaporate, transmission
increases. After 80 min of evaporation time, the surface plasmon peak is clearly visible
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Figure 4.3: Nanoparticle clusters created outside and inside of emulsion tem-
plates - Addition of an incompatible solvent to a dispersion of alkanethiol-stabilized gold
nanoparticles (a) yields irregular pieces of densely packed nanoparticle crystals (b) that sed-
iment and exhibit pronounced Bragg peaks in SAXS (c,d). In contrast, emulsion-templated
assembly (e) yields supraparticles that exhibit Lennard-Jones-Cluster-like internal struc-
tures as revealed by transmission electron microscopy (f). Their small-angle scattering
pattern (g) indicates a regular structure diﬀerent from the densely packed superlattice (d).
The larger the supraparticle, the more crystalline its surfaces appear in scanning electron
microscopy (h).
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at λ = 516 nm. It slowly shifts until a drastic change to 520 nm occurs in the last
30 min. Concurrent DLS measurements show that the average droplet size decreases
continuously. Each point in Figure 4.4 (b) indicates the mean and standard deviation
of the droplet sizes observed in three evaporation experiments. As the average droplet
size decreases, the shift of surface plasmon peak increases. At the beginning it is slow,
but increases more rapidly at the end of the evaporation process.
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Figure 4.4: Analysis of the cluster formation mechanism by UV-Vis spec-
troscopy - (a) Samples were taken from the evaporating emulsion and analyzed for the
position of the particles’ surface plasmon peak. (b) The shift in the position of the SPR
peak was correlated with the average droplet size determined through DLS. The shift is
important towards the end of the evaporation process when the droplet size decreases
rapidly.
Small-angle X-ray scattering (SAXS) can distinguish a particle shell at the liquid-
liquid interface from compact clusters, therefore an assembly experiment was performed
at the synchrotron facility in Grenoble (ESRF). First, scattering experiments were
performed on nanoparticles in pure hexane. The SAXS Utilities software of ESRF [91]
was used to obtain radius and polydispersity of the nanoparticles. Those measurements
on nanoparticles in pure hexane conﬁrmed the geometry of the nanoparticles with a
radius of 3.55 nm ± 0.33 nm. Figure 4.5 shows the ﬁt of the reference scattering data
with the solid sphere model implemented in the program.
This data was then used to calculate a Form Factor F (q) of the nanoparticles.
The Form Factor F (q) of the nanoparticles from the reference measurements lets us
evaluate the scattering intensity I(q) and obtain a structure factor as S(q) = I(q)F (q) . The
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Figure 4.5: Scattering intensity of free gold nanoparticles dispersed in hexane
and ﬁt from the hard-sphere model. - The results of the ﬁt (red continuous line) were
used to calculate form factors (black continuous line) for the analysis of SAXS data taken
on emulsions.
assembly experiment was performed by evaporating the particle-containing dispersion
in a nitrogen stream and samples were taken for scattering measurements at ﬁxed
intervals. Figure 4.6 (a) shows the time-dependent scattering during the evaporation
process. Persistently strong oscillations of the structure factor in the high q region
(q > 0.5 nm−1) indicate the presence of nanoparticles with a narrow size distribution
that agrees with reference measurements on the gold nanoparticle dispersion (particle
radius r = 3.55 nm± 0.33 nm), while no oscillations are visible at lower q < 0.1 nm−1.
A steady decrease of I(0) can be observed and indicates the shrinking droplets. The
oscillations in the low q region reﬂects the unchanged nanoparticles.
From the I(q) curves obtained by SAXS measurements the static structure factor
S(q) was determined for the evaporating particle-containing emulsion during the evapo-
ration process. Figure 4.6 (b) shows the evolution of the structure factor of the emulsion
during the evaporation process. Towards the end of the process, a peak appears around
0.6 nm−1. We attribute this peak to the formation of nanoparticle clusters. This peak
shifts to increasing qc upon further evaporation. This shift corresponds to the for-
mation of nanoparticle clusters with decreasing particle-particle distances, where the
particle-particle distance d is roughly related to the peaks’ positions as dc ≈ 2πqc . As the
droplets shrink, the particles are compressed until a maximum state, which leads to a
peak around qc ≈ 0.88 nm−1. This peak corresponds to a particle spacing of 7.2 nm,
which is actually slightly below the value of dc ≈ 7.7 nm observed in TEM images of
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Figure 4.6: Scattering intensity and structure factor of an evaporating particle-
containing emulsion - Small-angle X-ray scattering was also performed on samples at
regular intervals. The structure factor was determined by dividing the scattered intensity
of the emulsion by the form factor F(q) of the free gold nanoparticles.
dry supraparticles.
4.3 Discussion
Figure 4.2 shows the structure of our supraparticles. As it was described in the previous
section, some elements of the supraparticles’ internal structure remind of icosahedral
atomic clusters [96]. We therefore compared the supraparticles to minimum-energy clus-
ters of particles interacting with Lennard-Jones potentials. Theoretical cluster struc-
tures from the Cambridge Cluster Database and other sources [97, 98] were cacultated.
The database contains numerically established energy minima of the positions of 3 to
1000 particles with LJ potentials inside clusters. An algorithm analyzes the predicted
cluster geometries for their outer facets and projects them onto a plane that is par-
allel to the facet. The resulting catalogue of projections (see Appendix A) was then
manually compared to the electron micrographs of supraparticles as shown in Figure
4.7.
The supraparticles matched the predicted projections and the agreement ﬁts sur-
prisingly well, in particular when considering the drying process prior to TEM analysis.
The LJ-like nanoparticle clusters we found include icosahedral and decahedral geome-
tries. These cannot be created by cutting face-centered cubic particle packings and
many of them strongly deviate from spheres. Such geometries can neither be explained
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Figure 4.7: Comparison of transmission electron micrographs to projections
and three-dimensional renderings of clusters theoretically predicted for parti-
cles with Lennard-Jones potentials - In each box, n indicates the number of parti-
cles in the predicted cluster. We observed supraparticles having an icosahedral core with
a Mackay overlayer (“IC”), an icosahedral core with an anti-Mackay overlayer (“FC”),
complete Marks decahedra (“MD”) and such having an icosahedral core with a Mackay
overlayer and a central vacancy (“IC*”) [99–101]
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by simple space-ﬁlling arguments (which would lead to pieces of densest fcc packing)
nor by simple templating of the spherical droplets. Note that clusters such as LJ 1609
cannot form by addition of particles to smaller clusters such as LJ 807. Given the
limited interaction lengths between the nanoparticles, which are much smaller relative
to the particle diameters than interactions between atoms, formation of such diﬀerent
geometries can only be explained by a mobile intermediate state. Although our proce-
dure is insuﬃcient to establish a strict bijective mapping, it is extremely unlikely that
multiple matches would occur incidentally: the twinning planes, single-crystal regions
and overgrown layers of the clusters yield tell-tale features in the projections that make
the identiﬁcation robust and reliable.
Manoharan et al. [29] reported that microparticles form regular clusters in evaporat-
ing droplets because they are conﬁned to the liquid-liquid interface and collapse when
the liquid evaporates. In the absence of this templating eﬀect, they found less regular
structures [85]. We therefore assessed whether the nanoparticles in our process segre-
gate to the interface at any point of the assembly process. Interfacial energy reduction
by particles [102, 103] and the inwards-moving liquid-liquid interface during evapora-
tion [104] can both cause interfacial templating. We measured the interfacial tensions
between the disperse and continuous phases, hexane and water, in pendant droplet
experiments and found (in agreement with Glaser et al. [105]) a value of 37 mN/m for
a Pickering system with nanoparticles at the interface, considerably below the native
interfacial energy of 53 mN/m, but above the interfacial tension of 3 mN/m in the pres-
ence of Triton-X 100 at concentrations above the critical micelle concentration.1 It is
therefore energetically unfavorable for the nanoparticles to segregate to the interface.
In a drying droplet, the liquid-liquid interface moves inwards and collects parti-
cles, while diﬀusion will redistribute them throughout the volume. The Peclet number
compares these eﬀects [104]:
Pe =
R2
Dτ
(4.2)
where R is the radius of the droplet, D is the diﬀusion coeﬃcient of the particles in the
liquid and τ is the time required for a droplet to evaporate. If Pe  1, nanoparticles
have time to redistribute inside the droplet by diﬀusion but if Pe  1, particles cannot
diﬀuse to the remaining volume and will accumulate at the droplet interface. In a
1It has been reported that the interface of small hexane droplets in an aqueous phase shows an
even lower surface energy [106].
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typical assembly process, we have an evaporation time τ = 240 min, R = 1180 nm (the
radius directly after emulsiﬁcation) and the nanoparticles’ diﬀusion constant (from
DLS) is D = 2.3× 10−10 m2/s. This corresponds to Pe = 4.2 × 10−7, which indicates
a homogeneous particle distribution inside the droplets.
The above results suggest that interfacial templating is not the source of order
in supraparticles. Free energy minimization is another mechanism that could drive
structure formation by maximizing next neighbors and particle-water distances. The
short interaction lengths of Van der Waals forces would then imply assembly at low
particle-particle and particle-interface distances. To check this hypothesis in situ sur-
face plasmon spectroscopy and small-angle X-ray scattering measurement can detect at
which stage agglomerates form. To analyze our SPR analysis of evaporating emulsions,
we calculate the theoretical evolution of the SPR peak using the eﬀective medium ap-
proximation (EMT) [31, 35], assuming homogeneously distributed particles. We assume
identical droplets and use the Maxwell-Garnett expression to calculate an eﬀective di-
electric constant eﬀ of a droplet that contains the solvent with dielectric constant m
and particles with dielectric constant ∞:
eff = m
(
1 +
3φβ
1− φβ
)
, with β =
∞ − m
∞ + 2m
(4.3)
where φ is the volume fraction of particles.
We can use the droplet size information from DLS to calculate a theoretical surface
plasmon shift assuming homogeneously distributed particles in the droplets. If the shift
increases below the predicted value, agglomeration is the most likely cause. To obtain
the original number of particles per droplet, we analyze the size of the ﬁnal “droplets”
that only contain particles and no solvent: After 4 hours, the size of the droplets stabi-
lized around 123 nm. In supraparticles, particles are densely packed with approximate
packing density of f 
 0.688 as estimated by MacKay [99]. The supraparticles are sur-
rounded by surfactant molecules that increase their hydrodynamic radius. The size of
micelles formed by the surfactant, Triton X-100, equals 3.2 nm. We estimate the radius
of the supraparticles R simply by subtracting this size from the hydrodynamic diame-
ter. The number of particles per droplets is then n = f ×
(
R
r
)3
with a nanoparticle
radius r that has to take into account the interdigitation of the ligands. TEM imaging
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indicates that the average interparticle distance between agglomerated nanoparticles
surfaces is 2.52 nm, somewhat smaller than the thickness of two ligand monolayers,
while the gold core radius equals 3.2 nm. The relevant radius with the interdigitation
taken into account therefore amounts to 4.46 nm. On average, each cluster contains 13
179 nanoparticles.
In our simple model, this number remains constant during the evaporation process.
The increasing particle concentration in the shrinking droplets changes the dielectric
environment during evaporation and causes the surface plasmon shift. Using the EMT
equation to replace the dielectric function of the medium m by the eﬀective medium
eff the surface plasmon frequency of particles in a droplet with a volume fraction of
particles φ is then:
λspr = 2πc
√
me0
Ne2
(∞ + 2eff )
= 2πc
√
me0
Ne2
(
∞ + 2m
(
1 +
3φβ
1− φβ
))
. (4.4)
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Figure 4.8: Analysis of the cluster formation mechanism by UV-Vis spec-
troscopy and comparison with theoretical SPR peak caculated from the EMT
- The continuous line indicates the theoretical SPR peak for diﬀerent stages of the evapo-
ration process assuming complete absence of agglomeration.
We can now calculate the theoretical SPR peak for diﬀerent stages of the evap-
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oration process assuming simple continuous conﬁnement. This is indicated by the
continuous line in Figure 4.8. The predictions agree with the experimental observa-
tion until the EMT approximation breaks down for the closely packed supraparticles
(for a hydrodynamic droplet radius from DLS RH < 200 nm). Spectroscopic evidence
therefore suggests that supraparticle assembly does not occur by early nucleation and
subsequent growth, but in a late stage of evaporation, where particles and interfaces
strongly interact.
As it was mentioned in the previous section, SAXS can distinguish a particle shell at
the liquid-liquid interface from compact clusters. Figure 4.6 shows the time-dependent
scattering during the evaporation process. Persistently strong oscillations in the high
q region (q > 0.5 nm−1) are observed, while no oscillations are visible at lower q <
0.1 nm−1. A Pickering phase would cause oscillations in the low q-range even for
droplets broadly distributed in size, a signature that we did not observe in any of our
evaporation experiments. To identify the structure of the emulsion droplet we used the
SAXS Utilities software [91] of ESRF to ﬁt our scattering curves using diﬀerent models.
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Figure 4.9: Scattering intensity of particle-containing emulsion and comparison
with diﬀerent ﬁt models - Two models were used to ﬁt the scattered intensity of the
sample : a cluster model and a core-shell model. The cluster model ﬁts the evolution well.
Figure 4.9 shows the ﬁts of the scattering intensity of an emulsion during the evapo-
ration using two diﬀerent models, a cluster model and a core-shell model. At all times,
the evolution of the scattering intensity clearly diﬀers from that expected for a core-
shell arrangement whereas the cluster model ﬁts the evolution well. The hard-sphere
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clustering model assumes attractive particles and predicts additional scattering Sc(q)
to occur when the particles interact and form clusters,
Sc(q) =
IM
(1 + q2ξ2)p
, (4.5)
depending on the average mass and characteristic size of the formed clusters that are
proportional to IM and ξ, respectively, and their fractal dimension p. The hard-sphere
cluster model ﬁts our I(q) reasonably well in early stages of the evaporation, but fails to
predict the emerging peak at qc. Figure 4.10 shows the evolution of the ﬁt parameters
for the data presented in Figure 4.6. As the solvent from the droplets evaporates,
the volume fraction φ of nanoparticles increases, the correlation length ξ decreases
and the fractal dimension p decreases. The increase in the local volume fraction can
be attributed to the clustering process. This was expected since when we evaporate
the solvent, the nanoparticles are conﬁned inside the droplet. Moreover, The volume
fractions φ that the model yields are similar to those obtained from SPR studies, albeit
somewhat higher. The correlation length (usually connected with the agglomerate
sizes) corresponds to the average droplet sizes which become smaller upon evaporation.
The decreasing fractal dimension can be interpreted as sign of increasing conﬁnement
and density of the forming supraparticles.
Although it has been developed for freely moving particles and not for a conﬁned
system of droplets with particles, the ﬁt correctly indicates a steadily decreasing corre-
lation length ξ and even yields a volume fraction of nanoparticles that corresponds to
that obtained for the particles in the droplets above (Figure 4.10). That is the reason
why we think the hard-sphere clustering model ﬁts our scattering data and suggests
correlation lengths that coincide with the droplet diameters and volume fractions that
are in line with particles homogeneously distributed in the available volume.
4.4 Summary
In summary, we showed that nanoparticles in emulsion droplets arrange into regular
supraparticles by free energy minimization. This is in contrast to the process that
Manoharan et al. [29] reported for microparticles in emulsions, which are conﬁned
to the liquid-liquid interfaces and collapse into clusters when the liquid evaporates.
The structure of our supraparticles is governed by the interparticle potential of metal
57
4. ASSEMBLY OF GOLD NANOPARTICLES INTO
LENNARD-JONES-LIKE CLUSTERS
10 -2 10 -1 10  nm-10
10-7
10-5
10-3
10-1
101
103
 
 
Sc
at
te
rin
g 
In
te
ns
ity
 I 
t, 1/ R
h
Evaporation 
time t 
Volume 
fraction φ 
Correlation 
length ξ 
Fractal 
dimension p 
0 min 0.19 1,053 nm 1.73 
20 0.24 761 1.78 
30 0.20 640 1.66 
40 0.25 523 1.66 
50 0.26 459 1.65 
60 0.25 277 1.68 
70 0.26 221 1.67 
80 0.27 229 1.66 
90 0.25 165 1.63 
100 0.25 159 1.64 
110 0.27 150 1.62 
120 0.33 120 1.62 
130 0.35 140 1.54 
140 0.36 117 1.47 
150 0.35 159 1.40 
 
Scattering vector q
  
  
  
  
t = 150 min
40 min
0 min
Figure 4.10: Cluster-model ﬁts of SAXS from evaporating, particle-containing
emulsions. - The cluster model (red continuous lines) ﬁts the data (circles) surprisingly
well given that it was derived for freely moving particles. The volume fractions φ that the
model yields are similar to those obtained from SPR studies, albeit somewhat higher. The
correlation length (usually connected with the agglomerate sizes) corresponds to the aver-
age droplet sizes. The decreasing fractal dimension can be interpreted as sign of increasing
conﬁnement and density of the forming supraparticles.
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nanoparticles that resemble Lennard-Jones potentials [107, 108] and the inﬂuence of the
liquid-liquid interface. In contrast to destabilized nanoparticles with strongly attractive
potentials that quickly agglomerate in a nucleation-and-growth mechanism, the parti-
cles in the emulsion droplets retain their mobility as the attraction between the particles
increases. They have time to ﬁnd their energetically optimal position in the increas-
ingly dense, non-agglomerated mobile precursor state before they are ﬁnally quenched
when their ligand shells interdigitate. The liquid-liquid interface gently pushes the par-
ticles into a dense geometry, thus funneling the particles into their minimum-energy
positions while avoiding secondary minima such as multiple twinned fcc crystals. We
did not study whether this process depends on the exact energetic state of the speciﬁc
cluster geometry. It would be interesting to see whether those supraparticles containing
“magic” numbers of particles are more stable than others, as it is the case for atomic
clusters.
Technologically, supraparticles are interesting because they are fully deﬁned by the
number of nanoparticles involved. The process used here is general and compatible with
all moderately attractive nanoparticles, for example, semiconductor quantum dots. To
create ﬂuorescent suparparticles, for example, one would measure the diﬀusion constant
of the desired quantum dots, analyze their tendency to segregate to the interface and
choose appropriate evaporation parameters and surfactants.
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Chapter 5
Characterisation of
surfactant-stabilized emulsions
containing nanoparticles
This chapter was published in Soft Matter 2014 10 (11), 1696-1704. [109]
5.1 State of the art
The liquid-liquid interface plays an important role in the formation of the supraparti-
cles. Structure formation in particle-containing emulsions strongly depends on the
interactions between nanoparticles and the liquid-liquid interface. Changing the inter-
facial conditions will probably inﬂuence the structure of the resulting supraparticles.
The ability of surfactants to lower liquid-liquid interfacial tensions is a key property
that makes them useful in the preparation of emulsions. Surfactants are driven by their
amphiphilic nature to accumulate at oil-water interfaces and lower the oil-water inter-
facial tension. They are widely used and ﬁnd applications in the food [110], cosmetic
[111], paint [112], polymer [112] and oil industries [113].
Both surfactants and nanoparticles can adsorb to the liquid-liquid-interface. In
doing so, surfactants and particles alone [61] and their combinations [114, 115] stabilize
emulsions. Depending on which components segregate to the liquid-liquid interface,
structure formation follows diﬀerent routes during the evaporation of the dispersed
solvent.
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Previous studies on nanoparticle-containing emulsions have focused mainly on the
eﬀects of particles and surfactants on surface tension and emulsion stability. Ma et
al. studied the assembly of anionic and cationic surfactants and negatively charged
silica nanoparticles at trichloroethylene-water interface. Silica nanoparticles increased
the eﬃciency of an anionic surfactant, SDS, but had no eﬀect when combined with
non-ionic surfactants. The authors concluded that repulsive interactions between SDS
and nanoparticles promote surfactant adsorption at the interfaces [116]. Whitby et al.
studied the addition of SDS in dodecane-in-water ”Pickering” emulsion stabilized by
silica nanoparticles [117]. At SDS concentrations above the cmc, the rate of ﬂocculation
and creaming were enhanced. Some years later, Vashisth et al. used confocal ﬂuores-
cence microscopy and cryogenic scanning electron microscopy to show that adding SDS
to the same Pickering emulsions leads to the displacements of nanoparticles from the
interface at surfactant concentration above the cmc. At surfactant concentrations be-
low the cmc, mixtures of particles and surfactant populated the liquid-liquid interfaces
[118].
Recently, complex behaviors of surfactants (lecithin and oleylamine) and silica
nanoparticles were observed for oil-in-water emulsions [119]. In the presence of oley-
lamine, the interfacial tension of the oil-water emulsion increases when the concentra-
tion of silica nanoparticle in the oil phase increased. Eskandar et al. suggested that
the attraction between oppositely charged nanoparticles and surfactants results in the
adsorption of surfactant on the nanoparticles’ surfaces and reduces the surfactant den-
sity at the oil-water interface which means that additional surfactants are needed to
re-etablish the equilibrium at the interface of the emulsion.
In this chapter, gold nanoparticles are used to probe structure formation in oil-
in-water emulsions containing diﬀerent surfactants. When slowly evaporating the oil
phase of particle-containing emulsions, conformational changes can be observed as rel-
ative surfactant and particle concentrations increase. The results compare the be-
havior of macroscopic oil-water interfaces in the presence of the same surfactants and
nanoparticles. Conclusions on the relationship between interfacial tensions, adsorption
of nanoparticles at the oil-water-interface, and the morphology of the particle super-
structures formed can be drawn.
61
5. CHARACTERISATION OF SURFACTANT-STABILIZED
EMULSIONS CONTAINING NANOPARTICLES
5.2 Results
Three aspects of particle-containing hexane-in-water emulsions were analyzed: the ef-
fect of surfactants and particles on the surface tension of macroscopic hexane-water
interfaces, the distribution of particles in emulsion droplets, and the changes in distri-
bution and agglomeration of particles when the dispersed phase was evaporated.
5.2.1 Interfacial tension of macroscopic drops
Only particles and surfactants that adsorb at the oil-water interface can change its
interfacial tension. Figure 5.1 shows the hexane-water interfacial tension as a function
of surfactant and nanoparticle in bulk that were calculated from the shapes of macro-
scopic oil drops. The presence of gold nanoparticles in hexane without any surfactant
decreased the interfacial tension from 53 mN/m to 37 mN/m, consistent with the results
of Glaser et al.[105] and indicating that nanoparticles segregate to the interface.
We added surfactants to the aqueous phase at concentrations just above cmc (see
Table 3.2). The additon of SDS in the absence of particles (green columns) reduced the
interfacial tension to 11.8 mN/m, whereas the addition of Tween 85 and Span 20 only
reduced the interfacial tension to 30.9 mN/m and 34 mN/m, respectively. The observed
tensions are slightly above literature values measured using the ring method of de Nouy
[120, 121]. This was expected since it has been demonstrated that interfacial tension of
microscopic droplets may diﬀer using diﬀerent techniques [122]. This diﬀerence is due to
the equilibrium partitioning of the surfactant which depends on the surface-to-volume
ratio of the ﬂuid. Using the ring method, the surface-to-volume ratio is higher leading
to an increase of interfacial coverage by surfactant. Hence, the equilibrium interfacial
tension will decrease going from pendant drop experiment to the ring method.
The pink columns in ﬁgure 5.1 show the interfacial tensions for oil drops contain-
ing nanoparticles in water containing surfactants. The particles did not change the
tension of oil droplets SDS solution. For Tween 85 and Span 20, the interfacial ten-
sion decreased respectively to 15.3 mN/m and 14.1 mN/m, values that are below both
particle-containing hexane in water and pure hexane in the surfactant solutions.
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Figure 5.1: Equilibrium interfacial tensions of hexane-water interfaces with
diﬀerent surfactants and particles - All values are calculated from the shape of macro-
scopic pendant drops. Surfactants were introduced into the continuous phase (water) at
concentrations above the critical micelle concentration, gold nanoparticles were introduced
into the dispersed phase (hexane).
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5.2.2 Particle distribution in microscopic droplets
It is diﬃcult to perform tensiometry on the microscopic droplets of an emulsion. In-
stead, we used surface plasmon spectroscopy to observe the migration of nanoparticles
inside the droplets. The method indicates close packing of nanoparticles as they occur
when they densely populate the oil-water interface.
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Figure 5.2: UV-Vis spectra of emulsion containing AuNPs just after emulsi-
ﬁcation - Emulsions containing surfactants exhibited a surface plasmon resonance peak
around 517 nm. The peak is shifted to higher wavelengths in the abscence of surfactants.
Figure 5.2 shows the UV-Vis spetra of particle-containing emulsions for diﬀerent
surfactants. We evaluated the position of the surface plasmon resonance (SPR) peak
just after emulsiﬁcation. In the absence of any surfactant, the original peak position of
520 nm drastically red-shifted to 550 nm, indicating a localized concentration increase
of the nanoparticles that can be interpreted as migration to the interface. In the
presence of SDS, no shift was observed, consistent with nanoparticles that remain
dispersed in the bulk. Surprisingly, emulsions containing Tween 85 or Span 20 did not
exhibit any shift of the SPR signal, despite of their eﬀect on macroscopic interfacial
tension.
5.2.3 Evaporation of oil from microscopic droplets
The nanoparticle concentration in the oil phase is much lower than the surfactant
concentration in the aqueous phase. It is interesting to know whether the emulsion
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structure changes for higher concentrations. We increased the particle concentration by
slowly evaporating the oil phase while constantly monitoring the SPR. Concurrent DLS
measurements were performed to determine the evolution of the droplet size during the
evaporation. The evaporation rate was kept low to create quasi-static, near-equilibrium
situations.
Figure 5.3 shows the SPR evolutions during the evaporation of emulsions containing
diﬀerent surfactants. Each point in the graphs indicates the mean and standard devi-
ation of the droplet size and surface plasmon peak shift observed after the same evap-
oration time in three separate experiments. The insets show the SPR peaks recorded
during the evaporation process.
Larger droplets that are present at the beginning of the experiment scatter the light
more strongly than the partially evaporated droplets at later stages, which explains the
increasing overall transmission (see insets). The SPR peak becomes clearly visible after
around 120 min, when the background scattering has decreased suﬃciently.
For emulsions stabilized by SDS or Tween 85 (ﬁgure 5.3 (a) and (b)), the average
droplet size decreased continuously. Concurrently, the SPR peak shifted, with a marked
increase in rate towards the end of the evaporation process. Very similar evolution
of droplet size and SPR peak were observed for emulsions stabilized by Triton X-
100 (chapter 4). They coincide with theoretically predicted values that were obtained
using the eﬀective medium approximation (EMT) assuming homogeneously distributed
particles. The calculated shifts are indicated by the continuous lines in ﬁgure 5.3 (a)
and (b).
For emulsions stabilized by Span 20 (ﬁgure 5.3 (c)), the average droplet size in-
creased during the ﬁrst 180 min and then decrease until the end of the evaporation.
The SPR shift stalled while the droplet size increased. The ﬁnal shift was comparable
to that observed for other surfactants.
While SPR spectroscopy only indicates local concentration changes, SAXS mea-
surements provide details on their distribution. Particle-containing emulsions were
evaporated at the synchrotron and samples were taken for scattering measurements
at ﬁxed intervals. References were obtained from nanoparticles in pure hexane. The
SAXS Utilities software of ESRF was used to ﬁt the reference data and determine radii
of 2.95 nm± 0.10 nm.
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Figure 5.3: Analysis of the cluster formation mechanism by UV-Vis spec-
troscopy - Samples were taken from evaporating emulsions containing (a) SDS, (b) Tween
85 or (c) Span 20 and analyzed for the position of the particles’ surface plasmon peak. For
samples containing SDS and Tween 85, the SPR peak is shifted only towards the end of
the evaporation process when the droplet size decreases rapidly. The continuous lines in
graphs (a) and (b) indicate the shift predicted using an EMT model for homogeneously dis-
tributed particles. For samples containing Span 20 (c), the radius of the droplet increased
initially (with ﬁxed SPR) and then decreased (with increasing SPR shift). The dotted line
in the graph indicate the evolution of the size of the droplet as a function of time.
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The evolution of scattering during the evaporation process for emulsion containing
SDS, Tween 85 and Span 20 are shown respectively in ﬁgure 5.4, 5.5 and 5.6. All
samples exhibited strong oscillations in the high q-region (q > 0.5 nm−1) that indicate
nanoparticles with a narrow size distribution. In the low q region (q < 0.1 nm−1),
where larger structures dominate, no oscillations were visible.
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Figure 5.4: Analysis of the cluster formation mechanism by Small-angle X-ray
scattering for emulsion containing SDS - Samples were taken from the evaporating
emulsion and analyzed. At all times, the evolution of the scattering intensity for sample
containing SDS is clearly similar to nanoparticle clusters formed by free energy minimisa-
tion.
We calculated a structure factor S(q) from the radially integrated scattering inten-
sity I(q) using
S(q) =
I(q)
F (q)
(5.1)
with a theoretical form factor F (q) calculated from the particle geometry obtained in
reference measurements. Figures 5.4(b), 5.5-(b) and 5.6(b) show the evolution of the
structure factor of three emulsions during the evaporation process.
5.2.4 Structure of nanoparticle clusters
After all oil has evaporated, particle agglomerates remain stabilized in water by the sur-
factant. These agglomerates can be internally ordered (“supraparticles” or “clusters”
[93]) or disordered. Figure 5.7 shows TEM images of agglomerates formed in emulsions
containing diﬀerents surfactants. Emulsions containing SDS yielded a large fraction of
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Figure 5.5: Analysis of the cluster formation mechanism by Small-angle X-
ray scattering for emulsion containing Tween 85 - Samples were taken from the
evaporating emulsion and analyzed. At all times, the evolution of the scattering intensity
for sample containing Tween 85 is clearly similar to nanoparticle clusters form by free
energy minimisation. However, two peaks in the structure factor occur early and remain
at constant q during the evaporation process.
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Figure 5.6: Analysis of the cluster formation mechanism by Small-angle X-ray
scattering for emulsion containing Span 20 - Samples were taken from the evaporat-
ing emulsion and analyzed. At all times, the evolution of the scattering intensity for sample
containing Span 20 is cleary similar to nanoparticle clusters form by free energy minimi-
sation. However, two peaks in the structure factor occur early and remain at constant q
during the evaporation process.
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supraparticles. Most of them were structurally similar to clusters formed from particles
interacting with Lennard-Jones potentials and are reminiscent of the clusters formed
from Triton X-100 (ﬁgure 4.2). Tween 85 and Span 20 (ﬁgure 5.7 (b) and (c)) yielded a
large fraction of isolated particles and irregularly shaped agglomerates. Small numbers
of supraparticles were present, but they were composed of crystalline ”grains” having
fcc structure rather than having Lennard-Jones-like features.
a) c)
100 nm
b)
0,1 μm50 nm
Figure 5.7: Transmission electron micrographs of nanoparticle agglomerates
formed in emulsion droplets - Supraparticles with Lennard-Jones-cluster geometries
form in emulsions stabilized SDS (a). Emulsions stabilized by Tween 85 (b) and Span (c)
yielded disordered agglomerates and smaller amounts of agglomerates with regions that
exhibit fcc packing.
5.3 Discussion
Depending on the surfactant/nanoparticle combination, particles segregate or not to
the interface. Both the macroscopic surface tension of hexane-water interfaces and the
microscopic distribution of particles in emulsion droplets depend on the surfactant-
particle combination. We believe that free energy minimization leads to a competition
between particles and surfactants for adsorption sites at the oil-water interface. In the
absence of surfactant, particles populate the interface. For interfacial tension measure-
ment, it seems that SDS reduces the interfacial tension so low that it is energetically
unfavorable for the nanoparticles to segregate at the interface. Moreover no shift in the
SPR peak is observed leading to the conclusion that nanoparticles are dispersed in the
oil phase while SDS stabilized the droplet. The most eﬃcient surfactant, SDS, fully
displace particles from the interface. Interfacial energy measurements, surface plasmon
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and small-angle x-ray spectroscopy are all consistent with this picture.
Less eﬃcient surfactants such as Tween 85 and Span 20 show surprising behavior
when mixed with particles. The mixtures lower the interfacial tension more than pure
particles and the surfactants do not fully block the interface. A mixture of particles
and surfactants apparently forms at the interface that lowers the macroscopic interfacial
tension more than each of its components. Similar synergistic eﬀects have been reported
for kaolinite clay (with an equivalent spherical diameter of 0.2 μm) at the hexadecane-
water interface in the presence of dodecylamine [123] and for the paraﬃn-water interface
in the presence of oleylamine in the oil phase and silica nanoparticles (7 nm diameter)
in the aqueous phase [119].
The synergistic arrangements of particles and surfactants seem kinetically easy to
reach. Tween 85 is a polymer (average molecular weight around 1838 g/mol according
to the vendor) with a diﬀusion constant that is at least 1.7 times below that of Span
20, a smaller sorbitan monooleate (molecular weight around 346 g/mol). Both systems
rapidly reached stable interfacial tensions in pendant droplets (after 100 s) but not as
fast as the system containing only nanoparticles (around 60 s).
Despite of the relatively low interfacial energy of Span 20-particle-combinations,
the resulting emulsions broke when slowly evaporating the oil phase (ﬁgure 5.3 c).
Industrially, Span 20 is used as co-emulsiﬁer together with other surfactants; while
particles can play part of this role, their combination did not yield stable emulsions.
Tween 85 yielded more stable emulsions, but only SDS provided small droplets that
remained small over extended periods of time.
To determine the morphology of our emulsion systems, in situ surface plasmon
spectroscopy was used to detect at which stage agglomerates form. The arrange-
ment of nanoparticles depends on the distribution of particles inside the evaporating
droplets. The simplest model assumes a homogeneous dispersion of particles inside
the oil droplets. We calculated the surface plasmon peak shift expected for this con-
ﬁguration using Maxwell-Garnett theory [31, 93] and compared the predictions to the
measured surface plasmon shifts (ﬁgure 5.3). Emulsions containing Span 20 were too
instable to compare to the model but exhibited a continuously increasing shift that
suggests a uniform particle distribution in the droplets. For emulsions containing SDS,
there is good agreement between predicted and measured shifts. This rules out early
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agglomeration of the particles and is consistent with SDS blocking the oil-water inter-
face.
Surprisingly, the EMT model also ﬁts the data of Tween 85. We know that AuNP
segregate to macroscopic oil-water interfaces in the presence of this surfactant. One
may assume that the situation changes for small emulsion droplets and the particles
remain in the bulk oil. A more likely explanation of the ﬁt is, however, that the density
of nanoparticles at the interface apparently is too low to cause a discernible SPR shift.
We estimate a maximum density of 0.39 nanoparticles per square nanometer at the
interface of the droplets, corresponding to a minimum distance of 12 nm between the
particles.
Small-angle x-ray scattering (SAXS) of shrinking, particle-containing emulsions is
dominated by the scattering of AuNP and provides additional structural insights. Time-
dependant scattering intensity of our samples showed, for all samples, strong oscillations
of the structure factor in the high q region but no oscillations in the low q region. A
Pickering phase would cause oscillations in the low q range even for droplets broadly
distributed in size. We can rule out such structures. At all times, the evolution of the
scattering intensity could be ﬁtted by the cluster model, suggesting particles that are
conﬁned but do not form shells (see ﬁgure 5.8).
The hard-sphere clustering model [124] assumes attractive particles and predicts
additional scattering Sc(q) when the particles interact and form clusters:
Sc(q) =
IM
(1 + q2ξ2)p
, (5.2)
where IM is proportional to the average mass of the cluster, ξ is proportional to the
characteristic cluster size and p corresponds to the fractal dimension. As the solvent
from the droplets evaporated, the volume fraction φ of nanoparticles increased, the
correlation length ξ decreased and the fractal dimension p decreased. The increase in
the local volume fraction can be attributed to agglomeration. The correlation length
corresponds to the decreasing average droplet sizes during evaporation. The decreasing
fractal dimension can be interpreted as sign of increasing conﬁnement and density of
the forming supraparticles. The hard-sphere clustering model ﬁts our scattering data
and suggests correlation lengths that coincide with the droplet diameters and volume
71
5. CHARACTERISATION OF SURFACTANT-STABILIZED
EMULSIONS CONTAINING NANOPARTICLES
Evaporation 
time t 
Volume 
fraction φ 
Correlation 
length ξ 
Fractal 
dimension p 
0 min 0.08 1004 nm 1.73 
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90 0.01 795 1.74 
150 0.10 545 1.63 
180 0.13 345 1.62 
210 0.19 327 1.65 
240 0.29 218 1.58 
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fraction φ 
Correlation 
length ξ 
Fractal 
dimension p 
0 min 0.15 183  nm 2.01 
30 0.17 100 1.99 
90 0.20 132 1.95 
120 0.23 138 1.92 
150 0.20 145 1.87 
180 0.28 134 1.81 
210 0.26 127 1.80 
270 0.35 121 1.71 
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Figure 5.8: Cluster model ﬁt results - The ﬁts results were determined from evap-
oration emulsions containing SDS(a), Tween 85(b) and Span 20(c).The volume fractions
φ that the model yields are similar to those obtained from SPR studies. The correlation
length corresponds to the average droplet sizes determined through DLS with a constant
decrease for emulsion containing SDS or Tween 85 and a small increase following a decrease
for emulsion containing Span 20. The decreasing fractal dimension can be interpreted as a
sign of increasing conﬁnement and density of the forming supraparticles.
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fractions that coincide with particles homogeneously distributed in the available volume
(see ﬁgure 5.8).
For the emulsion stabilized by SDS (ﬁgure 5.4 (d)), a SAXS peak appeared around
0.8 nm−1. The peak shifted to increasing qc until all dispersed solvent had evaporated.
It probably corresponds to the formation of supraparticles with decreasing particle-
particle distances similar to the process we previously reported for emulsions stabilized
by Triton X-100. The particle-particle distance d is roughly related to the peaks’
positions as dc ≈ 2πqc. As the droplets shrink, the particles are compressed to a
maximum state, which leads to a peak around qc ≈ 0.88 nm−1. This peak corresponds
to a particle spacing of 7.2 nm, slightly below the value of dc ≈ 7.7 nm observed in
TEM.
For emulsion stabilized by Tween 85 and Span 20 however, the peak does not
shift to increasing qc upon further evaporation (Inset in ﬁgure 5.5b) and 5.6 b)). We
attribute this peak to the formation of agglomerates with constant particle-particle
distances. Bragg’s law (see equation 4.1) lets us index the peaks [95] from ﬁgure 5.9 as
belonging to (111) and (311) planes for the peak at q = 0.84 nm−1 and q = 1.61 nm−1,
respectively. Both of these planes are characteristic of an fcc packing, a packing that
we can also observe on TEM images of the supraparticles (ﬁgure 5.7 (b) and (c)).
In those two systems, the formation of intermediate aggregates lead to diﬀerent ﬁnal
supraparticles with FCC facets or having an amorphous structure.
a) b)
2
4
6
 
 
(111)
(311)
1 2 nm-1
1
2
3
 
 
(111) (311)
1 2 nm-1
Eff
ec
tiv
e s
tru
ct
ur
e f
ac
to
r  S
eff
Eff
ec
tiv
e s
tru
ct
ur
e f
ac
to
r  S
eff
Scattering vector q Scattering vector q
Figure 5.9: Eﬀective SAXS structure factors of samples containing Tween 85
(a) and Span 20 (b) indicating agglomerates with fcc structure. - The maxima
are equivalent to Bragg peaks and can be indexed using Bragg’s law. They correspond to
(111) and (311) planes with d111 spacing of 7.4 nm and d311 spacing of 3.9 nm.
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The results so far suggest two diﬀerent mechanisms of particle arrangement in the
droplets that depend on the surfactant: SDS keeps particles away from the oil-water
interface. Particles are compressed in the oil phase and form structures that are domi-
nated by the free energy minimization of particle-particle interactions. Tween 85 and
Span 20 do not fully exclude particles from the interfaces. The combined interactions
between particles at the interface and particles in the oil phase yield agglomerate with
fcc packing.
Transmission electron microscopy supports this picture (ﬁgure 5.7). Particle ag-
glomerates formed in emulsions with SDS remind of icosahedra clusters [93, 96]. Tween
85 and Span 20 yield agglomerates having fcc and amorphous structures.
5.4 Summary
In summary, we showed that the structure of nanoparticle clusters formed inside emul-
sion droplets depends on the choice of the surfactant which inﬂuences the stability
and structure of particle-containing emulsions. The extreme cases are ”Pickering”-type
emulsions that are solely stabilized by particles at the oil-water-interface. At the other
extreme, good surfactants such as SDS and Triton X-100 fully block the interface so that
all particles remain inside the oil phase. They have time to ﬁnd their minimum energy
position as the hexane evaporate and formed clusters with Lennard-Jones geometries.
Intermediate cases are interesting. Both Span 20 and Tween 85 formed mixtures
with nanoparticles that eﬃciently lower the interfacial tension. The resulting emulsions
were less stable than that formed with SDS and Triton X-100, but more stable than the
Pickering type. Emulsions that only contain alkylthiol-coated gold nanoparticles prove
too instable to work with. When using Span 20 or Tween 85, the dropets obtained
are stabilised by a composite layer of particles and surfactants. The clusters formed
through evaporation of the solvent are composed of fcc or amorphous clusters.
Manoharan and Pine reported that microparticles adsorbed at oil-water interfaces
collapse when the oil phase is evaporated. The spheres form supraparticles with pre-
dictable structures[29, 30]. We showed previously that nanoparticles arrange into pre-
dictable, but structurally diﬀerent supraparticles when conﬁned to the oil phase of a
droplet stabilized by Triton X-100 (or SDS, as we showed here). Although Span 20 and
Tween 85 form reasonably stable emulsions in which particles reside at the oil-water
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interface, the evaporation of the oil phase does not yield any of the structures observed
by Manoharan et al. for larger particles. Instead, pieces of fcc crystals form.
Nanoparticles are more mobile than microparticles and dominated by interactions
diﬀerent from those governing microparticles. The smaller particles can ﬁnd minimum
free energy cluster conﬁgurations that have not been observed for the larger species.
This may also explain why nanoparticles do not collapse like microparticles when con-
ﬁned at a liquid-liquid interface: where microparticles slowly move, nanoparticles are
in constant motion and can fall into local minima of dense fcc packings.
Although these results give us a better understanding on the parameters involved in
nanoparticles clustering, more eﬀorts are still needed to reveal the interactions involved
during the assembly and how they can be used to manipulate the superstructures built
from primary nanoparticles. Many other parameters such as temperature, solvents,
ligands and ageing may infuence the assembly processes.
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Chapter 6
Ageing of gold nanoparticle and
its eﬀects on supraparticles
6.1 State of the art
Ligand molecules on the AuNP surfaces control the growth of the particles during
synthesis and prevent particle aggregation. Typical ligands have functional groups
that bind covalently to the gold surface. It is tempting to imagine such layers as a solid
shell that protects the gold core and imparts it with solubility in liquids that interact
with the ω-functionality of the ligand. In reality, even the comparatively strong bonds
between thiol-bearing ligands and the nanoparticle surface undergo dynamic binding
and unbinding processes [125–127].
This is not unique to AuNPs. Anecdotal evidence suggests that ageing occurs
(depending on storage conditions) for many technically relevant systems: it is a common
advise to use freshly synthesized particles for material synthesis or studies on colloidal
stability. We are not aware of a systematic study on the storage stability of diﬀerent
nanoparticles. The following brieﬂy summarizes publications on diﬀerent particle types
that at least mention observed ageing.
Dollefeld et al. explained the apparent shrinkage of thiol-capped cadmium chalco-
genide nanoparticles detected by analytical ultracentrifugation and optical spectroscopy
with ligand desorption [128]. They used NMR to show the constant dynamic replace-
ment of ligand molecules and argued that losses can be expected in the absence of excess
free ligand. Kalyuzhny and Murray reported ligand losses during the puriﬁcation of
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CdSe nanocrystals [129].
Aldana et al. identiﬁed photo-oxidation as an irreversible reaction that leads to
desorption of stabilizing thiol ligands from CdSe nanocrystals in water [130]. Particle
degradation occurred only in the absence of free thiols in the dispersion. The authors
suggested that excess thiols allow the reconstruction of the ligand layer and retain
stability and solubility of the nanocrystals.
The particle cores’ surfaces underneath ligands may also oxidize. Cheng et al.
combined TEM with magnetic measurements to characterize the stability of colloidal
Co nanocrystals prepared in the presence of oleic acid (OA) and trioctylphosphine oxide
(TOPO) during storage in air. They observed surface oxidation of the Co nanocrystals
and inhomogeneous growth of FCC CoO on the surface of the Co nanocrystals, resulting
in a drop in the magnetic moment and an increase in the hysteresis loop shift and
coercivity [131].
Ligand layers are often imagined as uniform hollow spheres around perfectly spheri-
cal cores. On planar gold surfaces, many thiols form self-assembled monolayers (SAMs)
with ordered and uniform geometries. On AuNPs, the ligand encounters not only dif-
ferent crystal facets, but also a multitude of edges, terraces and vertices, resulting in
binding sites with diﬀerent aﬃnities for the ligand molecules [132, 133]. The resulting
layer has a complex structure that depends on the exact core geometry. Ligand-solvent
interactions vary over the particles’ surfaces, which aﬀects colloidal stability. Reorga-
nization of the ligand layers can occur as a result of the dynamic equilibrium between
free and surface-bound ligand molecules or involve practically irreversible chemical re-
actions, such as oxidation of ligands or surface sites. It can be a slow process that
causes gradual changes in particle behavior.
Chechik and others studied reaction rates of place-exchange reactions between n-
butanethiol-protected AuNP and disulﬁdes using electron spin resonance [134, 135].
They observed that aged samples showed decreasing exchange rates and attributed the
decrease in the number of defect sites as the original ligand slowly reorganized. The
aged (and, therefore, reorganized) ligands on aged nanoparticles desorbed at higher
temperature according to thermogravimetry. In their case, ageing improved the stabil-
ity of the particles.
Ligand surface density is known to aﬀect the properties of nanoparticles. For exam-
ple, poly(ethylene glycol)s (PEGs) are widely used as as ligands for nanoparticles used
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in biology and medicine. Their density modulates nanoparticle properties [136]. At
low PEG density, the units on a surface are organized in a so-called mushroom conﬁg-
uration, whereas at higher PEG density they display a brush conﬁguration [137]. Only
the brush conﬁguration provides an optimal surface protection against opsonization. It
is unclear whether and how the surface density of the PEG changes as such particles
age under diﬀerent conditions.
The assembly of colloidal nanocrystals into superstructures is sensitive to the molec-
ular interactions between ligands bound to the NP surfaces. Interactions between the
NPs, the ligands and the surrounding solvent has to be considered [52–54]. Recently,
it was demonstrated how variations in ligand coverage bound to the NP surfaces can
inﬂuence the interactions of NPs during assembly and the resulting structure [138].
PbS nanoparticles with dense ligand coverage assemble into superlattices with FCC
structures, whereas PbS NPs with sparse ligand coverage assemble into superlattices
with BCC structure. Many authors have suggested that loss of ligand occurs preferen-
cialy on {100} facets and ligands on {111} facets or other NPs will be interdigitated or
aligned with each other to connect NCs along speciﬁc crystallographic directions.
Here, we discuss the ageing of AuNPs with dodecanethiol ligands stored in unpolar
solvent. We study changes in optical properties, colloidal stability, the resulting loss
when using the particles after storage and the changes occuring when forming supra-
particles. Particle handling was choreographed to mimic typically employed protocols
(ﬁltering, ultrasonication, etc.) and standardized for a systematic study. Storage at
diﬀerent temperatures, with diﬀerent headspaces, and in the presence of diﬀerent con-
centrations of excess ligand were compared.
6.2 Sample preparation
A batch of 40 mL of gold suspension was divided into 4 aliquot (samples (A),(B) (C)
and (D) or samples (A),(B),(E) and (F) or 2 samples (A) and 2 samples (G)). For
characterisation of the suspension at diﬀerent storage conditions, samples (A),(B) (C)
(E) (F) and (G) were originally suspended in hexane whereas sample (D) was originally
suspended in toluene.
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6.2.1 Storage conditions
After synthesis and resuspension in the desired solvent, the samples were stored under
diﬀerent conditions:
• Sample (A) was stored at 23 ◦C, wrapped in aluminium foil to exclude light.
• Sample (B) was stored at 7 ◦C in the fridge to exclude light.
• Sample (C) was aliquoted in 5 vials of 2 mL. All aliquits were dried in vacuum
at room temperature. The dried particles were stored at 23 ◦C, wrapped in
aluminium foil to exclude light.
• Sample (D) was resuspended in toluene (a mediocre solvent for these particles.
The particles were then precipitated by the addition of the same volume of
ethanol, washed 5 times by centrifugation and subsequently resuspended in hex-
ane. The sample was then stored at 7 ◦C in a reﬁgerator.
• Sample (E) was stored at 23 ◦C and wrapped in aluminium foil to exclude light.
A fraction of 0.0125 % per volume of dodecanthiol was added, the resulting dis-
persion was vortexed for 1 min, precipitated by the addition of the same volume
of ethanol, washed by centrifugation, and ﬁnally resuspended in hexane.
• Sample (F) was treated exactly as sample (E), but with a fraction of 0.125 % per
volume of dodecanethiol.
• Sample (G) was stored at 23 ◦C under argon atmosphere, wrapped in aluminium
foil to exclude light.
A single particle batch was used for each storage condition to avoid batch-to-batch
variations.
6.2.2 Preparation of gold suspension for characterisation
During storage, samples were drawn every week for analysis. To this end, each liquid
storage vial was vortexed for 10 s, 0.5 mL were withdrawn from the middle of the
storage bottle, and sonicated for 10 min at 150 W. Care was taken not to shake up
sediment. One half of the sonicated solution was drawn from the storage bottle into a
syringe through a PTFE syringe ﬁlter (0.45 μm pore size), transferred to an Eppendorf
79
6. AGEING OF GOLD NANOPARTICLE AND ITS EFFECTS ON
SUPRAPARTICLES
Storage 
sediment
Filtered
particles
Filtration 
loss
a)     Isopropanol 
+ filtered 
particles 
Time t=0 min
Time t=30 min
Polar 
dispersion
Centrifugation
sediment
b)     
Figure 6.1: Sample preparation and testing of polarity - (a) Samples were drawn
from the storage bottle into a syringe, a part of it through a syringe ﬁlter. Losses were
quantiﬁed using mass balances. (b) Aliquots were mixed with polar solvent and their
agglomeration and sedimentation was quantiﬁed in an analytical centrifuge.
vial (Figure 6.1), and used for analysis. The other half was left unﬁltered and used for
analysis.
At the same interval, dry aliquots of sample (C) were resuspended in 2 mL hexane
and sonicated for 10 min at 150 W. All further handling was identical to liquid samples.
6.3 Results
The choice of storage conditions was based on a literature review. Most nanoparticle
dispersions are stored at room temperature [128, 131, 139] or at lower temperature [140].
Sometimes, excess ligand is added to the suspension to ensure optimal surface coverage
especially for ligand-exchange reaction [141, 142]. In some cases, the suspension is
stored under Argon [140, 143].
Nanoparticle handling typically involves transfer, sonication, ﬁltration and centrifu-
gation steps. We performed these steps for each stored sample every week and used
UV-Vis spectroscopy at the surface plasmon resonance (SPR) together with AAS to
quantify losses that occurred during every step. The results provide a rough but useful
indication of losses one can expect for diﬀerent conditions.
More subtle are changes in the particle behaviour that do not directly lead to
losses but aﬀect functional aspects of the particles, for example when they are used
as components in a composite material. We quantiﬁed such changes by analyzing
the agglomeration state by DLS, the SPR position, and the agglomeration behavior
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in polar solvents using analytical centrifugation. Together (and comparing ﬁltered
and unﬁltered samples) these methods are sensitive to a variety of changes in particle
behavior.
6.3.1 Fractionation of particles due to ageing
Dispersions were stored for at least 21 days under diﬀerent conditions and analyzed
weekly. Samples were taken from the dispersions following a protocol designed to
reﬂect typical colloid handling methods as applied in practice.
The size of the diﬀerent dispersions were characterized using DLS and are presented
for each storage condition at diﬀerent storage time in ﬁgures 6.2 and 6.3.
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Figure 6.2: Hydrodynamic radius of sample (A) stored at 23 ◦C, wrapped in
aluminum foil - The results are presented for diﬀerent storage times : a) fresh particles,
b) after 7 days, c) after 14 days d) after 21 days e) after 28 days. The formation of
aggregates is observed after 14 days.
The size of the dispersions depended strongly on the storage conditions. Fresh par-
ticles show the same radius of monodisperse nanoparticles around 3.73 nm±0.28 nm for
all storage conditions. However, after 14 days, the formation of aggregate is observed
for all sample conditions. All stored samples were instable in the sense that the freshly
ﬁltered dispersion exhibited increasing particle sizes in DLS after less than one hour.
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Figure 6.3: Hydrodynamic radius of sample (B) stored at 7 ◦C - The results are
presented for diﬀerent storage times : a) fresh particles, b) after 7 days, c) after 14 days
d) after 21 days e) after 28 days. The formation of aggregates is observed after 14 days.
Precipitation experiments were performed using the analytical centrifugation. Typ-
ical sedimentation behavior patterns of the gold nanoparticle suspension with iso-
propanol are represented in ﬁgures 6.4 to 6.7 as a function of the position within the
sample cuvette at a given sedimentation time. The position is given as distance from the
centre of rotation. The position of the ﬁlling height is usually around 107 mm± 2 mm.
The cell bottom is at the radial position of 129 mm. The ﬁrst recorded transmission
proﬁle is characterized by low transmission of approximately 20-30 % and increased
during centrifugation. As particles settle, their concentration decreases in this region
and transmission increases. Due to the polydisperse settling, the particle concentration
gradually changes along the sample length. For all storage conditions, the particles-
isopropanol mixture seems to become more and more stable.
An unexpected outcome of the measurement was the fractionation of particles. We
consistently found — in ratios depending on storage conditions — that a fraction of
particles agglomerated irreversibly and sedimented, a fraction remained suspended but
formed smaller agglomerates, a fraction remained dispersed but changed its agglomer-
ation behavior in polar solvents, and a fraction that appeared largely unchanged.
We analyzed the following fractions every week:
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Figure 6.4: Comparison of transmission proﬁles of isopropanol/gold suspension
mixture for sample (A) for diﬀerent storage times - Results are displayed for a)
fresh particles, b) after 7 days, c) after 14 days, d) after 21 days, and e) after 28 days.
The centrifugation was performed at 20 ◦C, at accelerating velocity with interval between
proﬁles of 10 s.
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Figure 6.5: Comparison of transmission proﬁles of isopropanol/gold suspension
mixture for sample (B) for diﬀerent storage times - Results are displayed for fresh
particles, b) after 7 days, c) after 14 days, d) after 21 days, and e) after 28 days. The cen-
trifugation was performed at 20 ◦C, at accelerating velocity with interval between proﬁles
of 10 s.
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Figure 6.6: Comparison of transmission proﬁles of isopropanol/gold suspension
mixture for sample (C) for diﬀerent storage times - Results are displayed for a)
fresh particles, b) after 7 days, c) after 14 days, and d) after 21 days. The centrifugation
was performed at 20 ◦C, at accelerating velocity with interval between proﬁles of 10 s.
• particles agglomerating in the storage vessel that formed a sediment: fraction
1,
• particles agglomerating in the storage vessel that remained in the ﬁlter: fraction
2,
• particles dispersed in the storage vessel that remained dispersed upon adding
propanol: fraction 3,
• particles dispersed in the storage vessel that precipitated upon adding propanol:
fraction 4.
Fraction 4 dominates freshly prepared dispersions (typical range around 60 %). Upon
ageing, the ﬁrst three fractions gained in size for all storage conditions.
Optical spectroscopy was used to quantify the size of fraction 1, fraction 2 and
the combined fractions 3 and 4 (the ﬁltered sample). Particle concentrations were
determined by UV-Vis spectroscopy to calculate the fraction lost through sedimentation
and ﬁltration. Dilution was necessary to operate in the optimal dynamic range of the
85
6. AGEING OF GOLD NANOPARTICLE AND ITS EFFECTS ON
SUPRAPARTICLES
Tr
an
sm
is
si
on
 [%
]
Position in mm
100
80
60
40
20
0
105 110 130115 125120
b)
c)
d)
Tr
an
sm
is
si
on
 [%
]
Position in mm
100
80
60
40
20
0
105 110 130115 125120
Tr
an
sm
is
si
on
 [%
]
100
80
60
40
20
0
105 110 130115 125120
Position in mm
a)
130
Tr
an
sm
is
si
on
 [%
]
Position in mm
100
80
60
40
20
0
105 110 115 125120 130
Figure 6.7: Comparison of transmission proﬁles of isopropanol/gold suspension
mixture for sample (D) for diﬀerent storage times - Results are displayed a) fresh
particles, b) after 7 days, c) after 14 days, and d) after 21 days. The centrifugation was
performed at 20 ◦C, at accelerating velocity with interval between proﬁles of 10 s.
instrument. For each sample, we chose a dilution ratio duv based on the maximum
absorbance of fresh (non-aged) dispersions such that Aw1(λ ≈ 517nm) = 0.65 ± 0.03.
This dilution was then used for all measurements on the sample while it aged.
We assumed the absorbance A to be directly proportional to the concentration c
for each fraction at the peak wavelength λmax:
A = a× l × c (6.1)
where a is the absorptivity (dependent on the fraction) and l is the path length of the
absorbing medium (where only hexane was used for optical measurements).
Mass balances were used to calculate the fractions where necessary: for example,
we measured concentrations of freshly prepared, aged but unﬁltered dispersions and
compared them to the concentration in the ﬁltered dispersions to calculate the amount
of particles lost in the ﬁlter (fraction 2). Fractions 3 and 4 were quantiﬁed using
time-dependent optical spectrometry in an analytical centrifuge.
Many standard procedures in dispersion handling are diﬃcult to perform without
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variation. Filtration results will depend on the exact agglomeration state and tend to
remove dispersed particles when many agglomerates are caught in the ﬁlter. Represen-
tative sampling from a larger volume is hard when agglomerates are present. When
using large volumes, mixing becomes hard. When using small volumes, rapid evapo-
ration falsiﬁes concentrations. Random errors on the order of 10% are expected. We
report the results of multiple repetitions to give an impression of the variations.
Fractions 3 and 4 were quantiﬁed with an analytical centrifuge. The concentra-
tion of gold nanoparticles can have an inﬂuence on the precipitation experiment. In
order to avoid concentration eﬀects, we used the same concentration for all analytical
centrifugation and we diluted the ﬁltered dispersion using the dilution factor d :
d = duv
Af (t)
Af (t0)
(6.2)
where Af (t) is the maximal absorbance of ﬁltered particles at time t and Af (t0) is
the maximal absorbance of ﬁltered particles just after synthesis.
The analytical centrifugation is based on the Beer-Lambert law for concentration
analysis. However, the Beer-Lambert-law is limited to diluted systems. At higher con-
centration multiple scattering occurs which results in a non-linear dependency between
extinction and concentration. In order to avoid high concentration eﬀects, the solution
was diluted by an additional factor of ten:
dLUM = 0.1× d
dLUM = 0.1× duv Af (t)
Af (t0)
(6.3)
Filtered particles (with fractions 1 and 2 removed) were precipitated and the sedi-
mentation of the particles observed by optical transmission.
The concentration of fraction i when considering the ﬁltered particles is ci, a part
of the total ﬁltered particle concentration c0, and can be expressed as a mass fraction:
φi =
ci
c0
(6.4)
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If the optical transmission is related to the concentration via Lambert-Beer’s law,
−log(T ) = a× l × c (6.5)
the mass fraction of (ﬁltered) particles stable upon addition of 1-propanol at the end
of the separation process (t = tend) equals
φstab =
−log(Tend/Tmax)
a× l ×
a× l
−log(T0/Tmax)
=
log(Tend)− log(Tmax)
log(T0)− log(Tmax) (6.6)
where Tmax is the maximum (spatially uniform) transmission of a cuvette containing
pure solvent mixture and T0 is the initial transmission for the total ﬁltered particle
concentration at time t0. Tmax is approximately 80% in our experiment.
The mass fraction of (ﬁltered) particles precipitating upon addition of 1-propanol
at the end of the separation process (t = tend) equals
φunstab = 1− log(Tend)− log(Tmax)
log(T0)− log(Tmax)
=
log(T0)− log(Tend)
log(T0)− log(Tmax) (6.7)
The mass fraction of particles of the original dispersion (in the storage vessel) stable
upon addition of 1-propanol φ3 then equals
φ3 = φfiltered × φstab (6.8)
Correspondingly, the mass fraction of particles of the original dispersion (in the storage
vessel) precipitating upon addition of 1-propanol φ4 equals
φ4 = φfiltered × φunstab (6.9)
where φfiltered is the mass fraction of particles that pass the ﬁltration step.
Note that fractionation does not imply sharp transitions in particle properties. It
is more likely that certain inherent particle properties change in a continuous fashion.
Experiments like precipitation in a polar solvent create fractions containing particles
from a range of values of this property (say, particle-solvent interaction). Kinetic eﬀects
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will likely cause overlaps so that particles having identical properties may end up in
diﬀerent fractions. It is also important to note that in samples where fractions 1 or 2
are dominating, fractions 3 and 4 become small and their analysis is burdened by large
statistical uncertainties. We do not report results for samples (C) and (D) due to these
uncertainties.
Figure 6.8 shows the fractionation of samples stored under diﬀerent conditions at
diﬀerent times. In the following, we discuss which mechanisms are consistent with the
observed evolution.
Fraction 1 — losses due to sedimentation in the vessel — does not exceed 20%
for the dispersions (A) and (B) stored in liquid without additional treatment. It is
greater both for samples stored in dry (C) and washed additionally (D). Redispersion
and washing apparently fostered sedimentation.
Fraction 2 — losses in ﬁltration — remains approximately constant for wet storage
and shrinks for both dry and washed storage. Particles seem to move from fraction 2
to 1.
Fraction 3 — dispersed particles stable upon addition of 1-propanol — grows in
almost all cases when considering the total amount of particles that remain dispersed.
Fraction 4 — dispersed particles precipitating upon addition of 1-propanol —
dominates originally and systematically shrinks, usually both overall and compared to
fraction 3. Particles appear to leave this fraction when ageing.
6.3.2 Evolution of Surface Plasmon Resonance upon ageing
We can exclude fundamentally diﬀerent mechanisms of ageing (e.g., Ostwald ripening
and aggregation) by analyzing the surface plasmons resonance (SPR) of the dispersions.
Considering the SPR model derived by Mulvaney based on the Drude approximation
[36]:
λspr = λ
2
p(
NP + 2m) (6.10)
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Figure 6.8: Mass fraction of sediment (fraction 1), particles lost through ﬁl-
tration (fraction 2), particles that remained dispersed upon adding propanol
(fraction 3), particles that precipitated upon adding propanol (fraction 4) for
the sample (A) sample (B), sample (C), sample (D) - For all storage conditions,
fraction 4– particles dispersed in the storage vessel that precipitated upon adding propanol
– decrease with time with the lowest ratio observed for sample (C). Sample (A) and (B)
show almost the same behaviour whereas sample (C) and (D) exhibit an exponential in-
crease of fraction 1 and low fraction 4 from the beginning. This suggests that dry storage
and puriﬁcation lead to sedimentation and changes in polarity probably cause by ligand
loss.
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where m is the dielectric constant of the medium, 
NP is the dielectric constant of
the metallic nanoparticle, and λp is the bulk plasmon wavelength:
λ2p = (2πc)
2 × me0
Ne2
(6.11)
expressed in terms of the concentration of free electrons N in the metal, the eﬀective
mass of electrons me, the vacuum permittivity 0, and the velocity of light c. A blue
shift of the SPR is expected upon a decrease in the medium’s refractive index or a
change in free electron density of the gold nanoparticles [144], while a red shift can be
caused by aggregation of particles [31, 35, 46, 49, 145, 146].
As it was explained previously, results and experiment for samples (c) and (d) were
not further studied since fractions 1 or 2 are dominating and the analysis of fractions
3 and 4 are burdened by large statistical uncertainties.
Figure 6.9 a) and b) show the shifts of the SPR from that of the freshly prepared
and puriﬁed dispersion Δλ to that of samples stored at RT (sample (A)) and at 7 ◦C
(sample (B)) for diﬀerent times. Blue shifts occurred under both storage conditions,
but the shifts from sample B were too small to be statistically signiﬁcant. The shifts
were always greater for ﬁltered than for unﬁltered particles, but we did not observe red
shifts even in cases where a large fraction of particles had agglomerated.
Figure 6.9 c) and d) show the gold content of the solvent after particles have been
removed by precipitation with ethanol, centrifugation, and ﬁltration. We found gold
concentrations in the solvent that are easily detected by AAS. However, the standard
deviations were too high to be statistically signiﬁcant.
6.3.3 Eﬀects of ageing in clusters formation
The self-assembly of particles can lead to clusters with complex structures. Here, we
used routes previously described in chapter 3 and chapter 4 that exploit liquid droplets
as conﬁned templates within which nanoparticles are assembled. Gold nanoparticles
were introduced into the disperse phase of an emulsion. The dispersed solvent was evap-
orated until the nanoparticles agglomerated inside the droplets. The superstructures
formed were then characterized using TEM. In order to directly observe the inﬂuence
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Figure 6.9: Observed blue-shift of the surface plasmon maximum and gold
concentration in the supernatant solution - Shifts are displayed versus time for
ﬁltered (black) and unﬁltered solution (grey) for the sample (A) and the sample (B). Gold
concentration in the supernatant solution increases for sample A (c) but stays constant for
sample B (d).
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of ageing, the same batch was used and self-assembly of nanoparticles was realized and
analyzed weekly.
a)
 
 
b)
50 nm 50 nm
c)
50 nm
d)
 
 
50 nm
Fresh particles 7 days after synthesis 14 days after synthesis 21 days after synthesis
Figure 6.10: Electron micrograph series of agglomerates grown at diﬀerent
time for the same batch - Clusters with LJ geometries are formed when using fresh
particles a) or particles which are only 7 days old. After 14 days, the crystallinity of the
clusters change and interestingly clusters with FCC facets are observed after 21 days d).
Sample (A) was used for the formation of nanoparticles clusters. These agglomer-
ates can be internally ordered (”supraparticles” or ”clusters” as described in chapter 3 )
or disordered. Figure 6.10 shows TEM images of agglomerates formed in emulsions con-
taining gold nanoparticles at diﬀerent time. TEM micrographs underline the markedly
diﬀerent morphology of the agglomerates formed using particles from the same batch.
The morphologies of the supraparticles varied considerably within a batch. When using
fresh particles, morphologies with LJ-geometries like icosahedral or decahedral clusters
are observed. As the particles start to age, the morphologies change and diﬀerent crys-
talline clusters and even amorphous clusters are observed ((ﬁgure 6.10) (c) and (d)).
Figure 6.10 d) shows an FCC arrangement of nanoparticles inside the clusters. The
transition from LJ-cluster to FCC-packing is observed when the gold dispersion was
synthesized more than 14 days before cluster formation.
6.3.4 Eﬀects of excess thiol
In order to improve stability of gold suspension, excess of thiol were added since it is
usually added to ensure optimal surface coverage [141, 142]. To test this hypothesis, we
added the equivalent to 4 mol% (sample (E)) and 40 mol% (sample (F)) of dodecanthiol
to freshly prepared dispersions after washing. All other handling was unchanged.
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Figure 6.11: Hydrodynamic radius of sample (E) treated with (a) 4 mol%
dodecanethiol after washing - The results are presented for diﬀerent storage times :
a) fresh particles, b) after 7 days, c) after 14 days, d) after 21 days, and e) after 28 days.
The formation of aggregates is observed after 14 days.
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Figure 6.12: Hydrodynamic radius of sample (F) treated with (a) 40 mol%
dodecanethiol after washing - The results are presented for diﬀerent storage times :
a) fresh particles, b) after 7 days, c) after 14 days, d) after 21 days, and e) after 28 days.
The formation of aggregates is observed after 14 days.
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The size of the two samples were analysed using DLS. After 14 days, the two samples
were unstable and exhibit increasing particle sizes in DLS after less than one hour (see
ﬁgure 6.11 and 6.12).
Figure 6.13 shows the evolution of the two samples during storage.
Fraction 1 — losses due to sedimentation in the vessel — does not exceed 20% for
both samples and are comparable to the fraction observed for sample A and B.
Fraction 2 — losses in ﬁltration — remains approximately constant.
Fraction 3— dispersed particles stable upon addition of 1-propanol — are high for
fresh particles for the dispersion containing the low amount of thiol and stays constant,
whereas it seems to grow for the dispersion containing the high amount of thiol.
Fraction 4 — dispersed particles precipitating upon addition of 1-propanol — are
low for fresh particles for the dispersion containing the low amount of thiol and stays
constant, whereas it dominates originally the dispersion containing the high amount of
thiol and shrinks, upon ageing. Particles appear to leave this fraction when ageing.
The blue shifts in the SPR are somewhat less pronounced than in the absence of
thiol, and we did not observe any red shifts. Gold content in the supernatant liquid are
higher than in the absence of thiol but no signiﬁcant trend is observed during storage.
6.3.5 Eﬀects of an inert head-space
We stored sample (G) under argon atmosphere at RT and studied it using above rou-
tines.
The size of the particles were analysed using DLS and also exhibit increasing particle
sizes in DLS after 14 days. However, a small ratio of particles (around 20%) still remain
dispersed in the dispersion and did not form aggregates even after 21 days (see Figure
6.14).
Figure 6.15 a) shows the evolution of the particles during storage.
Fraction 1 does not exceed 10%, fraction 2 increases but remains below 25 %,
fraction 3 remains approximately constant and fraction 4 dominates originally the dis-
persion and shrinks upon ageing but not as fast as other storage conditions.
SPR analysis exhibits red shifts for unﬁltered samples and a low blue-shit (≈ 1 nm)
for ﬁltered samples. Gold content in the supernatant liquid are the lowest observed
compared to other storage conditions.
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Figure 6.13: Mass fraction, shift in the SPR spectra and gold content in the
supernatant liquid for the sample treated with (a) 4 mol% and (b) 40 mol% do-
decanethiol after washing - A high amount of polar dispersion is present for the sample
treated with 4 mol% dodecanethiol whereas sample treated with 40 mol% dodecanethiol
shows almost the same behaviour as sample (A). c) and d) show the observed blue-shift
of the surface plasmon maximum versus time from ﬁltered (black) and unﬁltered solution
(grey) for the sample (E) and (F). Gold concentration (e) and ( f) in the supernatant
solution increase for both sample upon ageing with a higher increase for sample (E).
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Figure 6.14: Hydrodynamic radius of sample (G) stored at 23 ◦C, under Ar
atmosphere, wrapped in aluminum foil - The results are presented for diﬀerent
storage time : a) fresh particles, b) after 7 days, c) after 14 days, and d) after 21 days.
The formation of aggregates is observed after 14 days.
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Figure 6.15: Mass fraction, Shift in the SPR spectra and gold content in the
supernatant liquid for the sample stored under Argon atmosphere - The diﬀerent
fraction stays constant upon storage which implies that argon prevent oxidation a). Ob-
served blue-shift of the surface plasmon maximum versus time from ﬁltered(black) shows
a low decrease with time b) whereas the peaks don’t really shift for unﬁltered solution
(grey). Gold concentration (c) in the supernatant solution is low and stays constant upon
storage.
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6.4 Discussion
An unexpected outcome of the measurement was the fractionation of particles. Frac-
tionation can result from imperfect mixing in the storage vessel, when diﬀerent regions
age diﬀerently. A fresh dispersion typically contains morphologically diﬀerent particles
with similar apparent size that form during synthesis. These particles may age diﬀer-
ently and form the ﬁnal fractions. Fractionation can also result from simple statistics.
Nanoparticles carry comparatively small number of ligand molecules. If the probability
for one ligand molecule to desorb during a given time is constant, a broadly distributed
dispersion will form. Particles that have lost many ligands likely behave diﬀerently from
particles that retained most ligands. The distribution splits into diﬀerent fractions.
We suggest that fractions 1 and 2 form through agglomeration. Only agglomerates
can sediment on our timescales: fully dispersed particles are Brownian. Filtration
may also remove some fully dispersed particles, but only when considerable amounts
of agglomerates block the ﬁlter. Agglomerate sizes control whether they sediment and
enter fraction 1 or remain in the liquid and are ﬁltered.
The existence of fractions 1 and 2 directly after synthesis suggests that agglomer-
ation is ubiquitous. Even when using a well-developed, optimized synthetic protocol
as we did, a certain fraction of particles is prone to agglomeration. Most published
works use ﬁltration or centrifugation before using particles to remove the unavoidable
agglomerates [147–150]. We believe that nanoparticles from most syntheses involve at
least some agglomeration even under optimal conditions. Agglomeration aggravated
during storage. Samples stored under diﬀerent conditions widely varied in the evolu-
tion of fractions 1 and 2 over time. Particles did not agglomerate at a constant rate;
depending on storage conditions, agglomeration rates increased. We suggest that inher-
ent properties of particles change during storage. This hypothesis is further supported
by the evolution of fractions 3 and 4. A complex property of particles — their stability
in a more polar solvent mixture — was probed to deﬁne these fractions. Only particles
that did not agglomerate were tested. That the size of fraction 3 changes during storage
can only be explained by a change in the particles’ structure. That fraction 3 increases
upon ageing is surprising.
Let us assume that ageing is caused mainly by a decreasing ligand density. Let us
also assume that particles with dense ligand layers are stable against agglomeration in
99
6. AGEING OF GOLD NANOPARTICLE AND ITS EFFECTS ON
SUPRAPARTICLES
unpolar solvents but rapidly precipitate in more polar solvents. Particles with moder-
ately dense layers slowly agglomerate in unpolar solvents, but remain stable in polar
solvents for some time. Particles with sparse layers rapidly agglomerate in unpolar
solvents.
All storage conditions lead to a decrease of centrifugation sediment and ﬁltration
losses (fractions 1 and 2). Above model explains this eﬀect: in the original population,
the majority of particles has a dense ligand layer. It takes a while until this part of the
population has lost enough ligand to enter fractions 1 and 2. Before it does so, more
and more particles go through a period with an intermediately dense ligand layer. They
cause the increasingly large fraction 3 that is only ﬁnally diminished as the majority of
particles becomes instable.
It is unclear why storage at room temperature (sample (A)) was preferable to fridge
storage (sample (B)). Possible explanation include the condensation of water into the
solvent (with water increasing the desorption reaction) [151] and temperature-induced
agglomeration of particles due to reduced solubility [52], an eﬀect that could be exac-
erbated by reduced ligand density.
Drying and redispersion (sample (C)) and extensive washing (sample (D)) both
caused immediate ligand loss. Many particles enter fractions 1-3 before the storage
period starts. Further ageing proceeds as expected: intermediately dense ligand layers
become sparse, particles are lost in fractions 1 and 2. The amount of particles towards
the end of the experiment is so small that statistical ﬂuctuations dominate.
Drying and redispersion (sample (C)) also markedly increased fraction 2, indicating
that dry particles could not be redispersed at all. We do now know whether this is
due to ligand losses that make them insoluble or due to other morphological changes
of the particles in dry state. The results clearly show that at least simple drying is not
a viable option for particle storage. Careful lyophilizing may be less lossy.
The desorption of ligands can explain the fractionation that we observe. We cannot
exclude similar, more complicated eﬀects. However, ligand double layers may be present
on some particles for example. (We did analyze all TEM micrographs of particles for
increased spacing expected for such double layers and did not ﬁnd any, but they may be
lost in TEM preparation.) We cannot decide whether the change in particle behavior is
thermodynamic and would occur regardless of the experimental time scales or whether
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agglomeration merely becomes more rapid (or less rapid, in the case of polar solvents)
for aged particles.
Analysis of UV-Vis spectra for the diﬀerent conditions present shift of the SPR
peak. A blue shift of the SPR is expected upon a decrease in the medium’s refractive
index or a change in free electron density of the gold nanoparticles [144]. The former
is likely to occur when ligands dissociate. For example, Jain et al. reported a gradual
blue-shift in the SPR of gold nanoparticles from 525 to 519 nm when irradiating gold
nanoparticles carrying thiolated DNA and attributed the shift to the dissociation of
the ligand [152].
A red shift in the SPR can be caused by nearby particles that aﬀect the medium’s
refractive index. In close proximity, surface plasmons of multiple particles are coupled,
and Mulvaney’s approximation eventually breaks down [31, 35, 46, 49, 145, 146].
If both agglomeration and ligand desorption occur in storage, one would expect
shifts in both directions depending on the storage time, and broadening of the SPR
from the superposition of both eﬀects in diﬀerent fractions.
The observed shifts can only be explained by a change in the refractive index of
the particles’ dielectric environment. It is hard to imagine any origin other than the
desorption of ligand molecules. Our analysis of the spectra is simple and will not
separate the SPR spectra of agglomerated and dispersed particles. But it is robust and
would detect red shifts caused by agglomeration. The fact that all shifts are towards
the blue strongly suggests that ligand desorption is strong and ubiquitous.
Gold concentrations in the solvent were easily detected by AAS. Usually such con-
centrations would cause a visible coloration if it was due to residual gold particles.
Since there was no SPR signature detectable even in the samples with the highest gold
content, we conclude that ligand desorption also entails gold desorption. It is unclear
in which form gold is removed from the particles; thiolates or very small clusters are
possible candidates. For example, Schmid found that even metal clusters made of
Au55(PPh3)12Cl6 show features in the 520 nm plasma resonance band [153].
The assembly of colloidal nanocrystals into superstructures is sensitive to the molec-
ular interactions between ligands bound to the NP surfaces. The assembly of gold
nanoparticles inside emulsions droplets lead to supraparticles with diﬀerent crystalline
structure going from LJ geometries for fresh particles to FCC symmetries or amorphous
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structures for NPs stored at RT for 21 days. Similar structural changes were previ-
ously observed for the assembly of PbS NPs suspended in hexane via drop-casting [138].
NCs without air exposure assembled into FCC superlattices whereas NCs exposed to
ambient air for only 2 days assembled into superlattice with BCT structures and NCs
exposed to ambient air for 6 days assembled into superlattice with BCC structures.
Some authors have suggested that ligand loss occurs preferentially on {100} facets of
the NPs which lead to arrangements of NPs along speciﬁc crystallographic directions.
We suggest that changes in structures of the clusters formed inside emulsion droplets is
due to loss of ligand from NPs surface. Ligand desorption (observed via SPR blue-shift)
leads to the formation of aggregates as it was detected by DLS. Those results suggest
that aggregates are present before assembly of NPs and that they have amorphous or
FCC structures. The structures remain during assembly inside droplets leading to the
clusters observed in TEM.
If ligand desorption during washing hastens ageing, addition of excess thiol should
be beneﬁcial. However, thiol addition after washing seems to revert some of the degra-
dation, but not all. The reduced loss in storage sediment, in particular for the smaller
thiol addition, supports the idea that washing leads to an immediate loss of ligand
that decreases particle stability from the ﬁrst day. The large fraction of more polar
particles may be explained by the thiol acting as a surfactant molecule that forms dou-
ble layers around the nanoparticles, but it is unclear why a larger thiol concentration
should reduce the polar fraction and not sedimentation. The blue shifts in the SPR are
somewhat less pronounce than in the absence of thiol, and we did not observe any red
shifts.
Some authors suggest oxidation as a mechanism leading to ligand loss. For example,
ﬁlms of gold nanoparticles (4 nm diameter) interlinked with 1,9-nanonedithiol and 1,16-
hexadecanedithiol were oxidized when stored under ambient condition but remained
stable under argon [154]. Aldana et al. have also demonstrated that photo-oxidation
leads to desorption of thiol ligands at the surface of CdSe nanocrystals [130]. The
inert atmosphere aﬀected ageing notably. Sedimentation was reduced from the onset
and the fraction of polar particles remained small. Samples stored under argon was
the only case where we observed red shifts in the SPR spectra, indicating reduced
ligand desorption. (The fact that red shifts were only observed in unﬁltered samples
is consistent with agglomeration shifting the SPR towards red). The magnitude of
102
6. AGEING OF GOLD NANOPARTICLE AND ITS EFFECTS ON
SUPRAPARTICLES
these changes is surprising, because we did not exclude air or water during synthesis or
puriﬁcation and expect both to be dissolved in the dispersion at the beginning of the
storage period.
6.5 Summary
Alkylthiol-stabilized gold nanoparticles age under commonly used storage conditions.
After 2 weeks, more than half the particles had changed their behavior when storing
them in air at room temperature. Particularly problematic is the separation of the ho-
mogeneous dispersion into a mixture of fractions with diﬀerent solubility. Experiments
that are aﬀected by particle-solvent interactions will produce subtly misleading results
when performed on particles having widely diﬀerent properties.
The results suggest that ligand loss is a major process responsible for sedimentation
and changes in polarity upon puriﬁcation and ageing. Ligand loss was not eﬀectively
prevented by storage at 7 ◦C or as dry particles. It was exacerbated by washing and
could not be reverted by adding excess ligand. Only storage in inert argon did reduce
ageing.
From a surface chemical standpoint, it appears that reactions involving thiol, gold,
oxygen and possibly water and solvent take place during ageing. The exact mecha-
nisms are unknown; it is unclear in which form the ligands (and gold atoms) leave
the particles’ surface or whether the gold surface with its catalytic properties enhances
the desorption reactions. From a colloidal standpoint, it is interesting that details of
the ligand chemistry so severely aﬀect stability and behavior of the entire dispersion.
The small number of ligand molecules on nanoparticles compared to classical colloids
seems to make them more sensitive to the loss of some of them. Small changes in the
particle-ligand structure strongly aﬀect the particles’ stability in diﬀerent solvents.
The self-assembly of NPs into ordered supraparticles presents a route to novel func-
tional materials where the assembly is controlled by the ligand-mediated interaction
between neighboring NPs. Diﬀerent ligand coverages on NPs surface has led to changes
in the structure of the supraparticles. The resulting geometries depend on the degree
of ageing in solution, due to desorption ligands on the particle surface, an eﬀect that
was previously demonstrated for the assembly of PbS into superlattices [138].
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The sensitivity of particle behaviour on the exact ligand layer structure implies
a need for more advanced ligand chemistry. It should be possible to exactly deﬁne
the structure of this layer — for example, by cross-linking ligand molecules or their
mixtures on the surface — and to design solubility, agglomeration behavior, and other
important properties. Such ligand layers would be more stable, more reliable and could
be better tailored to the application at hand.
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Chapter 7
Conclusions and Outlook
This chapter presents a summary of contributions that have been accomplished in this
thesis and a note on the future direction of research in this ﬁeld.
7.1 Conclusions
In the past few years, scientist have dedicated their research to the formation of su-
perstructures made from individual inorganic nanoparticles, which exhibit collective
properties and promising applications [8–12, 74]. Among all types of superstructures,
supraparticles are interesting because of their distinctive structural features which diﬀer
from dense two- or three-dimensional (2D or 3D) assemblies of nanoparticles. In con-
trast to other 2D or 3D assemblies on solid substrates, supraparticles can have uniform
sizes and can be dispersed in solution [24, 30, 94, 155]. Due to their unique magnetic or
optical properties, supraparticles have already been shown to exhibit some promising
applications in the ﬁelds of solar cells [156, 157] and sensors [158].
This thesis has introduced supraparticles made of gold nanoparticles using emulsion
droplet as template, with the goal of contributing to the development of an easy process
for the production of supraparticles with interesting optical properties.
In the droplets, deﬁned numbers of particles interact in a conﬁned volume un-
til a minimum-energy situation was reached, which leads to the formation of regular,
anisotropic supraparticles. It was demonstrated that when monodispersed, sterically
stabilized gold nanocrystals with diameters below 10 nm were introduced into the dis-
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perse phase of an oil-in-water emulsion, they form cluster-like structures upon removal
of the dispersed solvent from the emulsion droplets. In emulsion, particles often segre-
gate to the oil-water interface and form Pickering emulsions. Here, surfactants (such as
Triton X-100 and SDS) were used in order to tune the surface energy of the droplets.
Other surfactants such as Span 20 and Tween 85 are not suﬃciently eﬀective to sta-
bilize the droplet and a mixture of surfactant and nanoparticles form spontaneously
to eﬃciently lower the interfacial tension. Good surfactants such as Triton X-100 and
SDS blocked the interface so that the particles remained inside the bulk of the droplets.
The resulting emulsions were less stable than that formed with SDS and Triton X-100
and led to the formation of structurally diﬀerent supraparticles. Interestingly, when
using good surfactants, the particles did not arrange into small pieces of dense pack-
ings, but resembled clusters predicted for Lennard-Jones interaction potentials. In-situ
observation of the assembly process via surface plasmon spectroscopy and small-angle
x-ray scattering suggests that assembly occurs rapidly, shortly before the dispersed
phase is entirely evaporated. This is in contrast to nucleation-and-growth mechanisms
commonly observed in nanoparticle agglomeration and suggests that the ordered con-
ﬁguration observed here represents a minimum in free energy.
Diﬀerent aspects regarding NPs need to be considered for the formation of su-
perstructures from self-assembled NPs especially interactions between the NPs, the
surface-bound ligands and the surrounding solvent and their evolution with time. Age-
ing of nanoparticles is a factor that has to be taken into account because it can inﬂuence
the structure of the supraparticles formed. Supraparticles realized using a suspension
at diﬀerent storage time exhibit diﬀerent structures.
Alkylthiol-stabilized gold nanoparticles aged under commonly used storage condi-
tions. Especially, more than half the particles had changed their behaviour after only
14 days of exposure to air at room temperature. Particularly problematic is the separa-
tion of the homogeneous dispersion into a mixture of fractions with diﬀerent solubility.
Experiments that are aﬀected by particle-solvent interactions will produce subtly mis-
leading results when performed on particles having widely diﬀerent properties. The
results suggest that ligand loss is a major process responsible for fractionation and
changes in polarity upon puriﬁcation and aging. Ligand loss was not eﬀectively pre-
vented by storage at 7 ◦C or as dry particles. It was exacerbated by washing and could
not be reverted by adding excess ligand. Only storage in inert argon did reduce ageing.
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This resulting diﬀerence in structure during assembly proves that ageing of gold
suspension has an impact on the formation of ordered supraparticles. Ligand coverage
on the NP surface is an important parameter for NP superlattices assembly. The need
to control the ligand density at NP surfaces calls for a broad theoretical understanding
and computational study of the complex NP-ligand system which is still not fully
developed and understood.
7.2 Outlook
We have seen here that emulsion stability plays a major role in the ﬁnal structure of
the supraparticles. The choice of the surfactant is a key parameter for the stabilisa-
tion of the droplets and prevent the migration of nanoparticles at the interface. The
use of two diﬀerent kinds of surfactants, a water-soluble and an oil-soluble surfactant
would improve the stability of the droplet. PMMA supraparticles were formed by en-
capsulating the polymer colloidal microparticles in emulsion droplets of hexane and by
subsequent removal of the hexane from the droplets [85]. An important feature of the
method described here is the use of two diﬀerent kinds of surfactants: standard water-
soluble surfactants, and oil-soluble species which prevent microparticles to collect at the
droplet interface. Without the introduction of the second surfactant, the microparticles
segregate at the interface of the droplet. Using this new conﬁguration, the particles
could move freely throughout the droplet and might form dense, ordered supraparticles
upon consolidation. The formation of a thick interfacial layer might improve stability
and prevent coalescence of the droplets.
The emulsiﬁcation methods used in this thesis involve stresses generated by manual
or mechanical agitation. However, such stresses are not uniform across the system, nor
are they precisely controlled. Emulsions formed in these ways thus consist of drops
that are highly polydispersed in size. This eﬀect leads to polydispersed supraparticles
as shown on ﬁgure 4.2. Emulsiﬁcation methods like membrane extrusion [159, 160],
microchannel emulsiﬁcation [161–163], and microﬂuidic devices[79, 164–167] have been
developed and optimized to gain better control over the size and polydispersity of
the drops. Using these techniques can be useful for the formation of monodispersed
supraparticles since the size of the droplet is controlled by the size of the pore membrane
or capillary.
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Four surfactants were used in this study to investigate their eﬀect on the emulsion
stability. In order to extend the conclusions made regarding the emulsion structure, it
would be interesting to work with more surfactants, covering a wider HLB values scale.
A further step towards functional materials will be the formation of binary su-
perstructures from emulsion-based self-assembly. The synthesis of binary nanoparticle
superlattices on a surface has previously been reported [168]. In future work, binary
nanoparticle superstructures could be synthesized through self-assembly of two diﬀerent
nanoparticle components (gold plus silver for example) in one droplet and the collective
properties of such mixtures could be investigated. Binary particle mixtures can lead to
diﬀerent structures depending on the particle-particle interactions and the properties
of the liquid-liquid interface. It would be interesting to ﬁnd when/if nanoparticles will
mix randomly, as in a disordered mixed phase, or form binary crystals with interface-
related deviations from bulk structure like metal alloys, or phase-separate like Janus
particles. All of the resulting structures may be technologically interesting and it would
be interesting to predict and decide which type of agglomeration can occur.
It would also be interesting to determine whether the mixture of particles of diﬀer-
ent diameters would provide interesting supraparticles structures. Supraparticles from
a mixed suspension of 540 nm-latex microspheres and 22 nm-gold nanoparticles were
formed from evaporation-assembly inside a droplet [78]. During the evaporation pro-
cess, gold nanoparticles are small enough to pass through the interstices of the latex
particles and segregate at the surface of the droplet. The resulting supraparticles ex-
hibit a red color. It would be interesting to ﬁnd out if the emulsion droplet containing
a mixture of particles of diﬀerent size would lead to the same structure as the one de-
scribed by Rastogi [78] or if the surfactant would prevent the segregation of the smaller
particles at the interface of the droplet.
Combining particles with varying ligand lengths could be a versatile approach to de-
sign new structures. Agglomeration kinetics of gold nanoparticles coated by alkylthiol
were studied for diﬀerent ligand lengths. Various authors have observed that agglom-
eration kinetics, and the morphology of the formed agglomerates are dominated by
ligand-ligand interactions and ligand-solvent interaction [52].
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Finally, the potential applications of supraparticles should also be developed in
more detail. At present, the reported applications are mainly based on the properties
of individual supraparticles. It is highly desirable to see possible applications of ordered
and hierarchical assemblies, in which the inorganic supraparticles are used as building
blocks for the formation of assemblies. Such assemblies could provide a much larger
domain for the manipulation of their functionality compared to conventional assemblies
simply composed of individual nanoparticles.
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Appendix A
Projections of Lennard-Jones
clusters
To create two-dimensional projections of the three-dimensional predicted Lennard-
Jones cluster structures, the coordinate data obtained from the Cambridge Cluster
Database and other sources [97, 98] was read into a MatLab-Program. This program
ﬁrst searches a convex hull containing all particles and then proceeds to ﬁnd intersect-
ing planes that contain as many particles as possible, in eﬀect ﬁnding the facets of the
clusters. The positions of all particles in the cluster are then projected normally to
each of these facets and onto the facet. For each projected point on the facet plane,
a circle with a certain greyscale value is drawn. When circles overlap, their greyscale
values are multiplied and a darker region is formed. The resulting projections were
compiled into catalogs for each cluster (including all clusters with 10 to 1000 particles
and some larger ones). Shown below (Figures A1 to A10) are the catalogs for those
clusters depicted in Figure 4.7.
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Figure A.1: Lennard-Jones cluster 47 - Catalog of projections of a Lennard-Jones
cluster containing 47 particles onto each of its facets.
Figure A.2: Lennard-Jones cluster 78 - Catalog of projections of a Lennard-Jones
cluster containing 78 particles onto each of its facets.
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Figure A.3: Lennard-Jones cluster 160 - Catalog of projections of a Lennard-Jones
cluster containing 160 particles onto each of its facets.
Figure A.4: Lennard-Jones cluster 190 - Catalog of projections of a Lennard-Jones
cluster containing 190 particles onto each of its facets.
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Figure A.5: Lennard-Jones cluster 228 - Catalog of projections of a Lennard-Jones
cluster containing 228 particles onto each of its facets.
Figure A.6: Lennard-Jones cluster 255 - Catalog of projections of a Lennard-Jones
cluster containing 255 particles onto each of its facets.
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Figure A.7: Lennard-Jones cluster 750 - Catalog of projections of a Lennard-Jones
cluster containing 750 particles onto each of its facets.
Figure A.8: Lennard-Jones cluster 807 - Catalog of projections of a Lennard-Jones
cluster containing 807 particles onto each of its facets.
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Figure A.9: Lennard-Jones cluster 971 - Catalog of projections of a Lennard-Jones
cluster containing 971 particles onto each of its facets.
Figure A.10: Lennard-Jones cluster 1609 - Catalog of projections of a Lennard-Jones
cluster containing 1609 particles onto each of its facets.
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